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INTROOUCTICN 

by 

B.  P.  Botteri,  Lecture  Series  Director  and 
Asst't.  Chief,  fuels  and  Lubrication  Division 
Aero  Propulsion  Laboratory 
Wright-Patterson  Air  Force  Base-  Ohio  45433,  U.S.A. 


This  Lecture  Series  No.  123  is  sponsored  by  the  "Propulsion  and  Energetics  Panel  (PEP)"  and  iraple- 
mei  Ud  by  the  "Consultant  ar.d  E<changa  Program"  of  AGARD. 

Aircraft  inherently  possess  a  high  fire  and  explosion  hazard  potential  as  a  result  of  the  large 
quantity  of  flammable  fuel,  other  combustible  fluios  such  as  hydraulic  and  engine  oils  and  the  wide  variety 
of  solid  combustible  materials  on-board.  Applice'  <  of  fire  protection  engineering,  constantly  upgraded 
by  lessons  learned  from  aircraft  fi.j  incidents  and  mishaps,  has  led  to  the  very  effective  control  of  the 
fire  and  explosion  hazard  in  today's  operational 'aircraft.  This  is  manifested  by  the  operational  safety 
record  which  shows  that  by  and  large  the  overall  residual  fire  tisk  is  low.  Several  operational  scenarios 
however,  continue  to  leceive  attention  with  the  objective  of  further  enhancing  aircraft  and  passenger 
survivability.  For  military  aircraft  these  include  the  reduction  of  vulnerability  to  catastrophic  fires 
and  explosions  associated  with  combat  related,  externally  applied  ignition  sources  such  as  ballistic 
rounds  (incendiary  and  tracer),  high  energy  fragments  from  explosive  rounds,  and  directed  energy  weapons. 

On  the  civil  transport  side,  which  also  relates  to  military  transport  aircraft,  mishap  experience  has 
resulted  ’n  attention  being  focused  on  the  in-flight  interior  cabin  fire  problem  and  the  impact  post  crash 
fire  situation.  With  respect  to  the  loss  of  life  attributible  to  fire  effects,  the  latter  two  situations 
without  question  have  been  the  principal  recent  contributors. 

During  the  past  15  years  particular  empiiasis  has  been  placed  on  the  enhancement  of  aircraft  fire 
safety  both  from  the  combat  survivability  and  everyday  operational  safety  viewpoints.  During  this  period 
AGAR.3  PEP  has  contributed  significantly  in  providing  for  international  visibility  and  information  exchange 
for  aircraft  fire  safety  matters.  AGARD  has  sponsored  two  technical  conferences  in  this  area--the  first 
in  1971  (Ref  1)  and  the  second  in  1975  (Ref  2),  and  subsequentiv  supported  Working  Group  11  comprised  of 
technical  representatives  from  seven  (7)  NATO  Countries  which  completed  an  in-depth  cooperative  analysis 
of  aircraft  fire  problems  in  1979  (Ref  3).  The  Working  Group  focused  on  transport  type  aircraft  as  a 
common  or  baseline  point  of  departure  and  explored  the  broad  spectrum  of  ramp,  in-flight,  and  post-crash 
fire  scenarios.  For  everyday  operations,  the  post-crash  fire  scenario  was  identified  as  requiring  the 
major  attention. 

In  June  1980,  the  Special  Aviation  Fire  and  Explosion  Reduction  (SAFER)  Advisory  Committee  sponsored 
by  the  Office  of  Aviation  Safety  of  the  Federal  Aviation  Administration  in  the  United  States  culminated  13 
months  of  effort  examining  the  factors  affecting  the  ability  of  the  aircraft  cabin  occupant  to  survive  in 
the  post-crash  fire  environment  and  the  broad  range  of  solutions  available  (Ref  4,  5  and  6). 

This  Lecture  Series  has  been  organized  by  AGARD  to  provide  an  up-to-date  review  of  fire  protection 
technology  using  the  earlier  analyses  as  the  point  of  departure  with  the  principal  focus  on  the  impact 
survivable,  post-crash  fire  scenario.  11  will,  however,  also  endeavor  to  address  the  applicability  of 
improved  protection  techniques  developed  t.'s  counteract  other  fire  scenarios  recognizing  that  techniques 
offering  a  multiplicity  of  hazard  control  applications  are  inherently  more  attractive  for  future  applica¬ 
tion.  It  is  not  the  intent  of  this  Lecture  Series  to  suggest  near-term  modifications  to  airworthiness 
standards  or  regulatory  requirements.  Thu  latter  is  left  to  appropriate  authorities  in  various  Nations  in 
cooperation  with  the  Aircraft  Industry  and  Airciaft  Users.  Rather  it  is  our  purpose  to  review  selected 
technical  aspects,  interject  civil  and  military  experience  where  possible,  and  provide  a  current  look  at 
the  scatus  of  technological  opportunities. 

In  addressing  the  sur/ivable  impact  post  crash  fire  situation,  it  is  apparent  that  the  ignition  of 
aircraft  fuel  released  ouring  the  crash  ij  the  primary  cause  of  the  majority  of  fires.  Occasionally, 
particularly  where  petroleum  based  hydraulic  fluids  are  present,  mishaps  associated  with  collapsed  mse 
wheels  and/or  landing  gear  ha/e  triggered  hydraulic  fluid  fires  which  subsequently  have  invol/ed  tne 
interior  cabin  and/or  the  fuel  system.  The  information  available  in  mishap  reports  on  aircraft  accidents 
and  incidents  is  generally  lacking  to  establis'i  with  certainty  the  critical  series  of  events  in  fire 
>itiation,  propagation  and  severity  and  their  influence  on  passenger/crew  survivability.  A  wide  variance 
.11  the  specific  aspects  of  fire  history  is  to  be  expected  from  one  impact  survivable  mishap  to  another. 

In  addressing  the  fire  protection  enhancement  opportunities,  consideration  must  be  given  to  all  the  major 
elements  capable  of  influenc,.ig  the  fire  evolution  process.  Concurrently,  attention  must  also  be  given  to 
the  heat,  smoke,  and  toxic  and  irritant  gases  a>50ciated  with  the  fire  process  and  their  effects  on 
passenger  egress  and  survivability.  An  integrated  fire  evolution/human  survivability  model  inherently  must 
be  dynamic,  is  very  complex,  and  difficult  to  develop.  Consequently,  one  cannot  in  our  present  state  of 
understanding  divorce  any  of  the  major  fuel/conaustible  elements  when  considering  fire  survivability 
enhancement  opportunities. 

Since  the  definition  of  the  impact  surviv.ib’e,  post  crash  fire  scenario  is  still  an  “open"  issue,  we 
have  endeavored  to  organize  this  Lecture  Series  to  provide  a  discussion  of  some  of  the  major  elements 
involved  from  both  the  technologist  and  manufacturer  viewpoints.  Included  is  an  up-to-date  review  of  the 
aircraft  mishap  experience  with  particular  focus  on  the  impact  sutvivable  post  crush  fire  mishap  and  the 
status  of  related  fire  modelling  activities.  This  is  complemented  by  an  analysis  of  the  psychological  and 
physiological  facto-s  affecting  human  behavior  and  survivability.  These  two  lectures  will  analyze  the 
time  related  fire  dynamics  of  the  environment  and  the  critical  human  response  factors  pertinent  to 
survivability.  As  indicated  earlier  with  respect  to  the  fire  tineat,  the  on-board  fuel  has  to  be  viewed 
as  the  biggest  culprit.  Those  of  us  intimately  associated  with  the  aircraft  fire  safety  area  have  long 
had  the  aspiration  of  an  operational  fuel  which  continues  to  provide  the  current  standards  of  performance 
associated  with  conventional  fuels  but  also  possesses  properties  which  would  significantly  minimize  the 
in-flight  and  crash  fire  threats  without  eci/.iomic  or  system  safety  penalties.  The  ptojected  long-term 
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energy  crisis  has  triggered  an  intensive  re-look  at  the  availability  of  conventional  aviation  fuels  and 
the  impact  of  relaxing  sp‘v  ;ification  limits  to  accommodate  products  from  poorer  quality  petroleum  crudes 
and  alternative  sources  such  as  tar  sands,  shale  and  coal.  Consequently,  we  have  included  a  lecture  on 
the  future  aviation  fuels  outlook  and  how  it  might  affect  realization  of  the  "safer"  fuel  aspiration. 

Sevei.  lectures  will  focus  on  selected  aircraft  sub-system  fire  protection  engineering  considerations. 
These  nil  include  fuel  containment  and  fire  and  explosion  suppression  techniques,  interior  cabin  materials 
develi  nment  and  simulated  full-scale  fire  performance  validation  testing.  We  have  also  included  a  lecture 
on  the  aircraft  manufacturer's  approach  to  designing  fire  safety  into  modern  flight  vehicles  and  industry’s 
assessment  of  the  prospects  for  further  improvement.  Finally,  we  will  address  the  opportunities  for  more 
effective  ground  fire  fighting  and  rescue  operations  in  the  post-crash  environment. 

While  a  "dramatic"  enhancement  of  aircraft  fire  safety,  particularly  in  the  crash  environment,  does 
not  appear  very  likely  as  shown  by  prior  in-depth  analyses,  gradual,  positive  improvements  in  safety  can 
be  expected.  This  Lecture  Series  will  evidence  some  of  the  progress  that  is  being  made  in  our  under¬ 
standing  of  the  fire  phenomena  involved,  the  factors  influencing  human  survival,  and  various  active  and 
passive  countermeasures  and  the  validity  of  test  methodology  use  for  their  assessment.  Further,  where 
safety  enhancement,  even  in  an  inc>^emental  fashion,  is  clearly  evident,  continued  positive  responsivity  of 
the  aircraft  industry  to  apply  new  technological  improvements  is  to  be  anticipated.' 
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SOmARY 

The  results  of  a  review  presented  in  AGAHD  Advisory  Report  No.  132  of  civil  and  military  ti.j:bine 
aircraft  accident  and  wcident  fire  experience  for  the  period  1964  -  1976  confirmed  that  the  nejor 
post-crash  fire  ha2ard  was  caused  by  ignition  of  fuel  released  from  wing  separation  failures  during 
impact-survivable  accidents.  Other  fire  hazards  in  order  of  decreasing  significance  were  caused  by  fuel 
released  from  major  damage  to  fuel  tanics,  fuel  tank  explosions,  fuel  released  from  mitxar  daniage  to  fuel 
tanks  and  fuel  lines,  and  the  contribution  of  cabin  materials  in  these  fuel  fire  environments. 

Generalized  jscenarios  of  these  post-crash  fire  hazards  are  described  and  heat  flux  levels  and  cabin 
airflow  rates  biased  on  full-sccile  and  simulated  fuselage  post-crash  fire  tests  are  suggested  for  a  fire 
scenario  which  occurred  in  an  cKx:ident  t^ere  the  cabin  with  exit  doors  cpen  was  breached  and  partially 
enveloped  in  an  external  fuel  fire.  This  paper  also  relates  fire  fatalities  to  the  fire  scenarios  and 
updates  the  fire  experience  data  base  to  include  accidents  through  1979  on  the  basis  of  recent  transport 
aircraft  crashworthiness  studies  conducted  in  the  U.S.A.  by  tlie  Specictl  Aviation  Fire  and  Explosion 
Reduction  (SAFER)  Advisory  Committee  eind  the  Boeing  Commercial  Airplane  Oompany,  lockheed-California 
Con^iany,  and  Douglas  Aircraft  Oom^ny  under  the  ^nsorship  of  the  National  Aeronautics  and  Space 
Adra>>istration  and  the  Federal  Aviation  Administration.  These  studies  concluded  that  the  reduction  of 
post-crash  fires  provides  the  greatest  potential  for  wjjroved  crashworthiness  and  increased  occupant 
survivctoility. 


INTRODOCTION 

Before  the  subject  of  airci'aft  post-crash  fire  experience  is  discussed,  it  is  important  bo  review  the 
safety  record  of  civil  air  carrier  jet  aircraft  operations  resulting  from  the  continuing  efforts  of 
aircraft  manufacturers,  airl 'nes,  and  government  ^encies  to  maintain  safety  as  the  primary 
consideration  in  air  transportation.  This  concern  is  reflected  in  the  decreasing  accident  ratf  for 
world-wide  jet  aircraft  opjerations  since  the  advent  of  jet  transport  transrAtlantic  service  in  1958. 

The  jet  fleet  accident  rate  for  all  types  of  etccidents  declined  from  over  60  accidents  per  million 
departures  to  about  2,5  per  million  depiartures  at  the  end  of  1979  (reference  1).  In  several  countries, 
the  fatal  accident  rate  was  less  than  1.0  per  million  departures.  In  the  United  States,  air  carrier 
fatalities  were  less  than  0.7  percent  jf  all  treinsportation  fatalities  in  1179  (reference  2).  The  U.S. 
air  carriers  flew  a  total  of  280  bii'.ion  passenger  miles  in  1979  and  the  fatality  rate  was  0.115  p>er 
hundred  million  passenger  miles,  compared  to  a  fatality  rate  of  about  1.6  in  passenger  car  accidents 
(reference  3).  It  nay  be  seen  that  the  trend  in  jet  transport  travel  ever  the  years  is  for  less 
fatalities  as  measured  in  terms  of  departures  or  passenger  miles  and  that,  compared  with  other  nodes  of 
travel,  travel  by  air  carrier  represents  a  significantly  higher  level  of  safety. 

Aircraft  accident  experience  has  shown  that  tliis  high  level  of  safety  enjeyed  cy  the  flyit^  public 
may  be  increased  if  transport  aircraft  crashworthiness  capability  can  be  inpxved  to  enable  more 
occupants  to  survive  the  crash  impact  forces  and  if  the  poSt-crash  fire  hazard  can  be  reduced  to  enable 
the  surviving  occupants  to  evacuate  the  aircraft.  It  is  obvious  that  efforts  only  to  enhance  occupant 
survivability  by  increasing  the  structural  integrity  of  the  fuselage  would  not  be  as  beneficial  if 
evacuation  continues  to  be  i/ipeded  by  the  post-crcish  fire  threat.  This  paper  concentrates  on  the 
post-crash  fire  threat  and  ip^tes  the  post-crash  fire  experience  and  fire  scenarios  dearibed  in  Affja) 
Advisory  Report  No.  132  or  ^Aircraft  Fire  Safety"  in  an  attempt  to  provide  guidelines  foi  extrapolatir^ 
laboratory  fire  test  data  to  realistic  situations  and  defining  post-crash  tire  protection  requirements. 


DISCUSSION 

Aircraft  Accident  Fire  Experience 

The  AGAHD  Advisory  Repxort  No.  132  (reference  4)  referred  to  a  study  by  the  Federal  Aviation 
Administration  (fAA)  which  indicated  that  there  were  28  fatal  uipact-survivable  U.S.  turbine-powered 
transport  eccidwts  world-wide  during  1964  -  igv  1  with  a  total  of  987  fatalities  (reference  5).  It  was 
estimated  tliat  395  or  40  percent  of  the  total  fatalities  were  caused  by  fire  or  its  effects  in  23  of 
these  accidents  where  post-crash  fires  occurred.  Fou:  teen  of  the  23  fatal,  impact-survivable  fire 
accidents  involved  fuel  spillage  following  complete  or  partial  wirig  separation  failures  which  resulted 
in  fuel  fires  and  explosions  that  w«re  prljiiarily  respo.nsible  for  an  estimated  259  fatalities  or  26 
percent  of  total  impact-survivable  accident  fatalities,  ruel  tank  explosions  in  two  of  the  wing 
separation  accidents  contributed  toward  tlie  cause  of  75  fatalities  by  expanding  and  intensifying  the 
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post-crash  fires  so  as  to  prevent  further  safe  evacuation.  Bie  estimated  136  fire  fatalities  in  the 
other  nine  post-crash  fire  accidents  were  probably  caused  by  the  combined  effects  of  fuel  firts, 
explosions,  and  interior  material  fires.  Riel  tank  explosions  in  two  of  these  etccidents  contributed 
toward  the  cause  of  51  fatalities. 

The  AfihRD  report  eilso  referred  to  a  review  by  the  Coordinating  Research  Council  (CRC)  of  world-wide 
accident  records  between  1964  -  1974  which  indicated  that  9’’  impact-survivable  accidents  occurred  to 
civil  turbine  treinsport  aircraft  during  this  period  vhich  resulted  in  post-crash  fires  (reference  6). 
Fuel  was  filled  as  a  result  of  oomplete  or  partial  wing  separation  failures  in  48  of  these  accidents 
(49  percent)  and  fuel  tank  explosions  occurred  in  11  accidents. 

The  fire  experience  data  base  may  be  expanded  to  include  accidents  in  the  period  1959  -  1979  on  the 
basis  of  transport  aircraft  crashworthiness  studies  v^ich  were  conducted  by  the  Boeing  Commercial 
Airplane  Company,  lockheed-Califotnia  Company,  and  Douglas  Aircraft  Company  under  the  ^nsorship  of  th_* 
National  Aeronautics  and  Space  Administration  (NASA)  cind  the  EM.  Transport  aircraft  world-wide 
accident  data  were  reviewed  in  these  studies  to  define  a  range  of  crash  conditiot.s  that  nay  form  the 
basis  for  developing  improved  crashworthiness  design  technology.  The  reports  ai  these  studies  were 
published  in  April  1982  and  contained  certain  recommendaticrs  which  are  being  considered  by  the  VKiSh  and 
the  FAA  in  planning  a  10  year  researcii  and  development  program  to  improve  the  structural  impact 
resistance  of  transport  aircraft. 

Boeing  selected  153  impact-survivable  accidents  in  their  study  from  a  total  of  583  accidents  of  all 
types  (reference  1).  Ebst-crasli  fires  occurred  in  103  of  the  153  accidents.  In  95  of  these  oases,  the 
aircraft  was  a  hull  loss  and  in  the  otlier  8  accidents,  the  aircraft  suffered  substauitied  damage.  The 
accidents  were  assessed  into  the  foliowing  6  categories  of  accident  severity: 

1.  Minor  impact  dan^e  -  includes  engine/pylon  damage  or  separation,  minor  lower  fuselage  damtage, 
and  miner  fuel  spillage. 

2.  Moderate  impact  damage  gear  separation  or  collapse  -  includes  higher  degrees  of  damage  of  type  1 
and  includes  gear  separation  or  collapse. 

3.  Severe  impact  dbmage  -  includes  major  fuel  spillage  due  to  wing  Icwer  surface  tear  and  wing  box 
damage,  but  no  fuselage  break. 

4.  Severe  impact  damage  -  includes  severe  lower  fuselage  crush  cind/or  Class  1  or  Class  2  fuselage 
breaks,  may  have  gear  collapse,  but  m  tank  rupture. 

5.  Extreme  impact  damage  -  includes  Class  1  or  Class  2  fuselage  breaiks  with  wing  separation  or 
breaks,  maj'  have  gear  and/or  engine  separation. 

6.  Ail craft  destruction  -  includes  Class  3  fuselage  breaks  or  destruction  with  tank  rupture,  gear 
and/or  engire  separation. 

Fuselage  bn^aks;  Class  1  -  sections  break  but  remain  together 
Class  2  -  sections  break  and  epen 
Class  3  -  sections  break  and  move  off 

Categories  1  tlirough  3  involve  accidents  in  which  the  occupant  protective  shell  is  generally 
maintained.  Categories  4  through  6  refer  to  three  classes  of  fuselage  break  to  distinguish  the  severity 
of  the  accident.  A  Class  1  treeik  has  the  fuselage  broken  with  fuselage  sections  essentially  remaining 
together.  The  opening  allo«..  fire  entry  but  is  too  smell  for  occupant  egress.  Tn  Class  2  breaks,  the 
fuselage  separates  sufficiently  to  etliow  occipant  egress  aixd  fire  entry,  but  the  sections  maintain  a 
proximity  to  one  another.  Class  3  breaks  have  the  fuselage  sections  separate  and  come  to  rest  at  some 
distance  from  each  other.  Category  4  accidents  are  severe  accidents  involving  either  severe  lower 
fuselage  crush  or  Class  1  and  ,'lasr  2  fuselage  breaks,  or  both,  but  there  are  no  major  fuel  ^ills. 
Category  5  and  6  accidents  invtive  increasingly  severe  destruction  of  the  aircraft  with  major  fuel 
spills. 

The  accidents  in  the  Boeing  ;  tady  are  cummarized  in  Table  1: 


TABLE  I 

Summary  of  Accidents 


Ttotal 

Hull  Fatalities 


Cat. 

Accidents 

Loss 

Fire 

Occupants 

No. 

% 

1 

5 

3 

4 

616 

53 

8.6 

2 

24 

12 

6 

1684 

1 

0.1 

3 

40 

36 

35 

3425 

875 

25.5 

4 

22 

20 

9 

2024 

225 

11  1 

5 

35 

35 

28 

2618 

934 

35.7 

6 

20 

20 

18 

1990 

1547 

77.7 

UNK 

7 

7 

3 

311 

156 

50.2 

153 

lii 

Io3 

]2668 

3791 

S9.9 

The  fatalities  are  summarized  in  Table  II; 


Table  II 

Causes  of  Fatalities 
(%  of  total  fatalities) 


Cab. 

No. 

Fire 

% 

Trauma 

No.  % 

Obher 

No.  « 

Unknown 

No.  % 

1 

53 

100.0 

0 

0 

0 

0 

0 

0 

2 

0 

0 

1 

100.0 

0 

0 

0 

0 

3 

722 

82.5 

5 

0.6 

18 

2.1 

130 

14.9 

4 

55 

24.4 

5 

2.2 

165 

73.3 

0 

0 

5 

335 

35.9 

210 

22.5 

32 

3.4 

357 

38.2 

6 

189 

12.2 

190 

12.3 

3 

0.2 

1165 

75.3 

UNK 

2 

1.3 

65 

41.7 

0 

0 

89 

57.1 

1356 

35.8 

4% 

12.6 

218 

5.8 

1741 

45.9 

It  may  be  observed  from  these  data  that  fire  presents  the  greatest  hazard  regarding  overall  survivability 
since  the  known  fire  fatalities  represent  35.8  percent  of  the  total  fatalities  and  outnunber  the  known  trauma 
fatalities  by  a  factor  of  2.84:1.0.  The  fire  hazard  is  most  severe  for  accident  categories  3,  5,  and  6  having 
major  fuel  ^ills.  Category  3  accidents  involved  722  fire  related  fatalities  vbich  included  108  fatalities  in 
an  accident  at  Toronto  that  were  treated  as  fire  related  because  the  aircraft  exploded  while  attenpting  a 
go-around  after  a  major  fuel  spill  occurred  from  tcmk  damage  following  a  hard  leinding.  Category  5  accidents 
resulted  in  335  fatalities  which  were  known  as  fire  related.  The  Tenerife  accident  accounted  for  36  percent 
of  the  fatalities,  with  144  fatalities  of  undetermined  cause.  Of  the  known  causes  of  fatcdities  in  the 
category  6  accidents,  189  were  related  to  fire  and  190  to  trauma. 

Fuel  spillage  occurred  in  134  of  the  153  impact-survivable  accidents  selected  in  the  Boeing  study  and 
post-crash  fires  of  varying  severity  resulting  from  fuel  pillage  were  experienced  in  98  accidents.  FUel 
spillage  caused  fcy  wing  separation  failures  occurred  in  77  accidents  with  62  post-crash  fires.  Wing 
separation  failures  due  to  impacting  trees  and  similar  obstructions  frequently  occur  at  the  root-inboard 
section  (reference  2)  and  are  particularly  severe  in  regard  bo  size  of  the  fuel  ^ill  and  resulting  fire  and 
incidence  of  fire  related  fatalities.  In  21  such  accidents,  large  spills  occurred  in  at  least  16  with  fires 
occurring  in  at  least  15.  Ifo  fire  related  fatalities  occurred  in  only  7  accidents.  Fire  entry  through 
fuselage  breaks  occurred  in  almost  60  percent  of  the  62  accidents  while  entry  by  burn-through  occurred  in 
about  10  percent.  Fire  was  a  factor  in  evacuation  in  about  30  percent  of  the  accidents.  It  may  be  observed 
from  these  data  that  wing  separation  failures  result  in  a  high  percentage  of  fires  and  fire  related 
fatalities  and  a  high  probability  that  fire  will  enter  the  foselage  either  through  a  fuselage  opening  or  by 
a  bum-through. 

Fuel  spillage  caused  by  fuel  tank  rupture  due  bo  bo  lower  surface  tear  occurred  in  27  accidents  with  24 
fires.  Fire  was  a  cause  of  fatalities  in  11  of  the  post-crash  fire  accidents.  These  fuel  tank  lower  surface 
tear  failures  resulted  in  large  fuel  spillage  and  severe  fires.  In  about  60  percent  of  the  fuel  spills,  fire 
entered  the  fuselage  by  burn-through  while  fire  entry  through  fuselage  breaJts  occurred  in  15  percent  and  by 
other  routes  in  about  10  percent.  Fire  affected  evacuation  in  40  percent  of  the  accidents. 

Fuel  spillage  caused  by  fuel  tank  rupture/wing  box  tear  due  to  separation  of  wing-mounted  landing  gear  or 
engine  pods  probably  occurred  in  24  accidents.  landing  gear  tear  is  known  to  have  occurred  in  5  and  probably 
occurred  in  10  other  accidents.  All  15  fuel  ^ill  ewcidents  resulted  in  fire  with  60  percent  of  the 
accidents  having  fire  related  fatalities.  Fuel  ^ills  were  large  and  only  one  fire  was  considered  small. 

Fire  entry  to  the  fuselage  '.<as  by  fuselage  breaks  in  6  accidents  and  burn-through  in  2  accidents.  Fire  had 
an  effect  on  evacuatior.  in  80  percent  of  the  accidents.  Engine  pylon  tear  of  the  wing  box  occurred  in  2  and 
probably  occurred  in  7  other  accidents.  Fire  resulted  in  all  9  accidents  with  fire  related  fatalities  in  4 
accidents.  FUel  spillage  from  more  than  one  type  of  tank  damage  was  considered  bo  have  occurred  in  12  of  the 
probable  landing  gear  or  pylon  tear  cKcidents. 

Fuel  spillage  caused  by  puncture  of  fuel  tanks  by  foreign  objects  occurred  in  3  accidents  and  resulted  in 
fires  in  2  of  the  accidents  that  destroyed  Ute  aircraft  but  there  were  no  fatalities.  Fuel  spillage  from 
leaking  tanks  occurred  in  4  accidents  and  resulted  in  fire  in  one  accident  that  destroyed  the  aircraft  but 
there  *ere  also  no  fatalities. 

Fuel  spillage  caused  by  rupture  of  fuselage  fuel  lines  in  aircraft  having  aft-fuselage  mounted  engines  is 
known  bo  have  occurred  in  6  and  probably  occurred  in  4  other  accidents.  All  10  accidents  resulted  in  fires 
with  fire  related  fatalities  in  9  accidents.  FUel  line  rupture  fires  had  an  effect  on  evacuation  in  possibly 
6  accidents.  Fuselage  breaks  were  present  in  8  accidents  with  fire  entering  the  fuselage  through  the  breaks 
in  6  accidents.  Fire  entered  through  the  floor  in  3  accidents  and  possibly  in  another. 

There  were  2  accidents  in  which  vap»rs  or  fuel  pillage  through  fuel  tank  vent  lines  were  major 
contributors  to  fires.  In  one  accident,  an  external  fire  entered  the  vent  outlet  with  resulting  fuel  tank 
erolosions.  In  the  other  accident,  fuel  spillage  occurred  from  a  fuel  tank  through  the  vent  line  due  to  the 
tilt  of  the  aircraft.  In  this  case,  the  flow  of  fuel  could  not  be  stopped  and  fire  eventually  destroyed  the. 
aircraft. 

Fuel  tank  explosions  occurred  in  20  accidents  including  6  probable  cases  with  fire  related  fatalities  in 
15  accidents  and  possibly  3  others.  The  explosions  had  an  effect  on  evacuation  in  80  percent  of  the 
accidents. 

Fuel  was  not  involved  in  4  accidents  v^ere  fires  resulted  from  ignition  by  friction.  Three  accidents 
involved  nose  landing  gear  collapse  or  separation  which  allowed  the  lower  fuselage  bo  conbact  the  runway. 
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The  fires  in  2  accidents  resulted  in  hull  loss  and  were  minor  in  the  other  two.  There  were  no  fire  related 
fatalities  in  these  friction  fire  accidents. 

As  previously  stated,  the  accident  experience  shows  that  fire  presents  the  greatest  hazard  regarding 
overall  surviveibility  in  impact-survivable  accidents  and,  as  might  be  anticipated,  the  post-crash  fire 
hazard  increases  as  the  severity  of  the  accident  increases.  When  the  various  fire  threats  enoompassir^ 
the  overall  post-crash  fire  hazard  are  assessed  in  view  of  the  likelihood  of  survival  and  the  numoer  of 
occurrences  in  actual  aircreift  fire  experience,  the  individual  fire  hazards  may  be  ranked  in  the  following 
order  of  decreasing  severity  and  described  in  generalized  post-creish  fire  scenarios: 

Post-Crash  Fire  Hazard  Severity  Ranking 


1.  Major  fuel  spill  fires  due  to  wing/partial  wing  separation  -  Extreme  impact  damage  (Category  5) 

2.  Major  fuel  spill  fires  due  to  fuel  tank  rupture/wing  lower  surface  tear  and  wing  box  damage  -  Severe 
impact  damage  (Category  3) 

3.  Major  fuel  ^ill  fires  due  oo  tank  rapture  -  Aircraft  destruction  (Category  6) 

4.  Fuel  tank  explosions  (Category  1  et  al.) 

5.  Fuel  ^ill  fires  due  to  rupture  of  fuselage  fuel  lines  (Category  4j 

6.  Non-fuel  spill  fires  due  to  ignition  ty  friction. 

Generalized  Aircraft  Post-Crash  Fire  Scenarios 


1.  Post-Crash  Fires  Due  to  Wing  Separation  (Category  5  Accidents)  and  Fuel  Tank  Explosions 
(Category  1  et  al.) 

Accidents  have  occurred  where  aircraft  either  undershot  on  approach  or  failed  to  become  or  remain 
airborne  during  takeoff  and  oollided  with  structures,  trees,  drainage  ditches  and  other  obstacles, 
resulting  in  wing  separation  and  release  of  large  quantities  of  fuel.  The  fire  characteristics 
pertinent  to  this  fire  threat  scenario  are  based  on  fuel  release  inflight  following  collision  with 
obstacles  prior  to  inpact  with  the  ground  and/or  during  ground  deceleration  due  to  (1)  initial  fuel 
system  structural  damage  of  one  wing  followed  by  separatfon  of  the  other  wirq  cind  (2)  separation  of 
both  wings  or  parts  of  both  wings.  The  air  shear  forces  imparted  to  fuel  released  in  the  dynamic 
phase  of  a  survivable  accident  causes  the  formation  of  a  fine  mist  of  snail  droplets  which  is  readily 
ignited,  resulting  in  a  fire  which  can  envelop  the  aircraft  and  serve  as  an  ignition  source  for 
continuing  fuel  spillage  as  the  aircreift  comes  to  rest.  It  is  estimated  that  the  duration  of  the 
dynamic  phase  may  be  tp  to  10  seconds,  i.e.,  the  period  while  the  aircraft  is  in  notion  from  the 
moment  of  initial  damage  resulting  in  fuel  pillage  until  the  aircraft  comes  to  rest.  Ignition 
sources  during  tnis  period  will  include  hot  engine  surfaces,  internal  engine  fire  due  to  fuel 
ingestion,  severed  electrical  wiring,  friction  i^rks,  hot  brakes,  and  other  sources  vhich  appear  as 
progressive  damage  is  inflicted.  The  fire  developed  during  the  dynamic  phase  R-rves  as  the  ignition 
source  for  fuel  spilled  vhile  the  aircraft  is  at  rest  a-nd  for  explosions  in  undamaged  fuel  tanks. 

The  fire  threat  scenario  resulting  from  the  ignition  of  large  quantities  of  fuel  released  under  dynamic 
conditions  nay  consist  of  several  threats  of  steadly  increasing  intensity  and  severity.  Fire  broke  out  on 
the  left  side  of  the  aircraft  in  a  takeoff  accident  where  initial  structural  damage  was  incurred  in  the  left 
wing  area,  followed  by  a  large  fire  vmich  erupted  on  the  right  side  of  the  aircreift  after  the  right  wing  was 
torn  loose,  filling  the  fuel  contained  therein.  Several  minutes  eifter  the  accident  occurred,  two  fairly 
large  explosions  occurred  ac  ‘•he  left  side  of  the  aircraft.  Subsequent  explosions  occurred  and  hampered 
fire-fighting  and  rescue  operations.  An  explosiai  also  took  place  in  another  takeoff  accident  following  wirq 
separation  as  the  aircraft  strucK  railroad  tracks.  In  approach  undershoot  accidents,  fires  have  been 
initiated  inflight  following  impact  with  structures  and  while  passing  through  trees  upon  fuel  spiiJage  from 
severely  damaged  u..’.  separated  wing  tanks.  These  external  fires  move  along  with  the  aircraft  as  the  aircraft 
one  to  rest  and  develop  into  intense  ground  fires  v*iich  destroy  the  aircreift.  A  series  of  explosions 
occurred  shortly  after  the  aircraft  involved  in  the  approach  inflight  fire  accidt.'.t  oame  to  rest,  expanding 
the  fire  so  that  further  evacuation  was  iitpossible. 

Fuel  tank  explosions  v*iich  have  occurred  during  uipact-survivable  accidents  have  been  caused  by 
external  fires  fed  by  fuel  released  from  severed  wings,  damaged  tanks,  or  (imaged  fuel  lines.  These 
external  fires  create  high  fuel  tank  surface  temperatures  resulting  in  autogenous  ignition  or  ignite  the 
vapors  in  the  vent  outlet  resulting  in  flames  which  propagate  through  the  vent  system  into  the  fuel  tainks. 

The  explosions  may  expand  the  external  fires  and  hamper  fire-fighting  and  rescue  operations  in  addition  to 
creating  non-survivable  conditions  which  impede  evacuation.  In  one  accident  where  the  aircraft  took  off 
following  a  hard  touchdown  during  which  an  ermine  and  pylon  separated  from  the  aircraft  along  with  a  piece 
of  the  bottom  surface  of  a  fuel  tank,  an  explosion  occurred  in  that  fuel  tank  about  2  1/2  minutes  eifter 
touc’.i  down,  followed  C  seconds  later  by  an  explosion  in  an  inboard  tcuik,  and  then  by  a  third  explosion  which 
caused  the  loss  of  a  large  section  of  the  wing.  The  combination  of  escaping  fuel  and  the  shorting  of 
electrical  circuits  in  a  severed  electrical  harness  nay  have  been  the  primary  cause  for  the  first  explosion 
which  then  caused  the  subsequent  explosions. 

Fuel  tank  explosions  have  occurred  while  the  aircraft  were  parked  and  were  being  fueled  or  in  connection 
with  maintenance  work  being  performed  on  the  fuel  system.  The  refueling  explosions  have  been  caused  by 
ignition  of  fuel  vcpor  due  to  a  static  disdiarge  of  an  electrostatic  field  above  the  fuel.  Tiie  raainteneince 
explosions  were  the  result  of  electrical  eurcs  in  fuel  system  components  or  fuel  teuik  purging  operations 
where  the  blower  used  for  purging  the  tank  created  a  flame  front  which  propagated  into  the  tank.  Fuel 
volatility  heis  a  major  effect  in  these  explosions  since  explosions  with  low  volatility  kerosene  type  fuels 
have  usually  resulted  in  minor  to  moderate  aircraft  damage  while  explosions  with  high  volatility  wade-cut 
fuels  !vve  usually  resulted  in  major  damage  or  total  destruction  (reference  6). 
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2.  Post-Crash  Fires  Due  to  Tank  or  Fuel  Line  Rupture  (Cate 


3,  4,  and  6  Accidents) 


Fuel  tank  or  fuel  line  damage  has  occurred  in  accidents  v^ich  have  occurred  during  the  takeoff  roll 
and  landing  run  as  a  result  of  landing  gear  failure  or  impact  with  obstacles  due  to  insufficient 
directional  control  and  during  approach  and  takeoff  climb  following  contact  with  structure,  trees,  high 
ground,  or  other  obstacles. 


Ihe  possible  effects  of  local  damage  to  fuel  tanJs  or  fuel  lines  during  inpact-survivable  accidents 
range  from  release  of  no  fuel  as  some  tanJcs  may  be  empty  to  release  of  large  amounts  of  fuel  lealing  to 
fires  approaching  the  severity  described  in  the  wing  separation  fire  scenario.  Fuel  has  also  been 
released  from  damaged  tanks  without  resulting  in  fire  in  non-fatal  accidents.  If  the  spilled  fuel  is 
ignited,  the  probable  ignition  sources  are  oompareible  to  those  in  the  wing  separation  scenario  anS  will 
include  hot  engine  surfaces,  engine  fuel  ingestion,  severed  electrical  wiring,  friction  ^rks  or  hot 
brakes . 


Ihe  fire  characteristics  pertinent  to  this  fire  threat  scenario  range  from  small  fires  fed  by  fuel 
released  from  slightly  damaged  tanks  which  are  relatively  ea^  to  control  to  severe  fires  following 
massive  tank  damage  vhich  can  eventually  destroy  the  aircraft.  Similar  degrees  of  fire  severity  nay  be 
produced  following  damage  to  fuel  lines  caused  by  engine  dislocation,  engine  failure,  or  landing  gear 
failure  as  a  function  of  elapsed  time  prior  to  shutoff  valve  actuation.  The  deceleration/impact  forces 
in  accidents  resulting  in  fuel  tank/line  damage  are  usually  less  than  in  wing  separation  accidents  so 
that  the  number  of  impact  fatalities  is  less  and  the  percentage  of  fire  fatalities  is  higher. 


'■ost-Crash  Non-Fuel  Spill  Fires  Due  to  Friction  Ignition 


A  collapsed  landing  gear  ground  fire  scenario  was  initiated  vben  an  aircraft  made  a  firm  landing  on 
tile  nose  gear  first  which  caused  the  nose  gear  and  wheel  well  structure  to  be  pushed  aft  and  v^acd  into 
the  fuselage.  Fire  erupted  in  the  lower  electronic  bay  area  beneath  the  floor  of  the  flight  deck  vhich 
was  fed  by  hydraulic  fluid  from  two  fractured  nose  wheel  steering  hydraulic  lines.  The  fire  was  not 
contained  and  eventually  destroyed  the  interior  of  the  cocl^iit  and  passenger  cabin.  Another  landing 
gear  ground  fire  scenario  was  caused  by  tire  failure  during  the  takeoff  run  which  proiipted  the  crew  to 
reject  the  tokeoff.  Pieces  of  burst  tires  and/or  wheel  rims  had  damaged  the  hydraulic  lines  on  the 
landing  gear  strut  and  the  elevated  brake  temperature  or  wheel  friction  sparks  ignited  the  released 
hydraulic  fluid.  When  the  airplcine  came  to  rest,  there  was  a  small  fire  at  the  front  tires  of  the 
landing  gear.  The  hydraulic  fluid  spread  and  the  fire  enlarged  such  that  smoke  penetrated  into  the 
cabin  6  minutes  after  the  airplane  had  stopped.  After  another  6  minutes,  the  fire  had  caused  the 
fuselage  to  fail  and  the  tail  section  touched  the  runway.  The  fire  continued  to  burn  for  more  than  8 
hours  and  almost  totally  consumed  the  airplane. 


A  Scenario  of  the  Contribution  of  Interior  Materials  to  the  Post-Crash  Fire  Hazard 


Major  post-crash  external  fuel  fires  can  burn  through  the  fuselage  skin  or  floor  in  40  to  60  seconds 
or  can  enter  through  a  fuselage  break  or  other  epening  and  may  be  generally  fatal  before  the  interior 
materials  generate  lethal  cfiantities  of  smoke  and  toxic  gases,  but  ignited  materials  have  produced 
significant  amounts  of  smoke  and  toxic  gases  in  several  accidents  to  impede  evacuation  and  cause 
fatalities. 


An  AGRRD  analysis  by  Snyder  (reference  7)  of  MITD  member  air  transport  accidents,  1964-1‘»75,  revealed 
that  injuries  and  fatalities  were  primarily  due  to  the  post-enrash  effects  of  fire,  smoke  and  toxic 
fumes,  and  secondarily  to  crash  impact.  It  was  noted  in  this  analysis  that  toxic  gas  emission  from 
burning  cabin  tiBterials  has  cxily  recently  had  serious  attention  as  a  result  of  findings  in  several  major 
accidents  occurring  within  the  past  decade.  Nine  air  carrier  accidents  were  identified  as  beir>g  of 
particular  note  in  this  regard  where  the  majority  of  the  356  fatalities  have  been  attributed  to  the 
toxic  effects  of  snoke  and  fumes  or  the  thermal  effects  of  fire.  It  was  pointed  out  that  in  3  of  these 
accidents,  105  of  261  passengers  aboard  died  in  attenpts  to  escape  during  the  one  to  three  minutes  prior 
to  the  buildup  of  lethal  thermotoxic  environment  within  the  cabin.  In  4  of  the  other  accidents, 
significant  amounts  of  hydrogen  cyanide  were  found  in  victim  blexod  levels  which  attests  to  the  fact  that 
aircraft  materials  contributed  to  the  lethality  of  the  smoke  in  soi*  post-crash  aircraft  fires,  since 
burning  fuel  alone  would  not  produce  cyanide. 

The  entry  of  external  fuel  fire  into  the  cabin  was  apparently  the  pradominant  hazard  in  the  accidents 
where  fatalities  occurred  prior  to  the  buildup  of  a  lethal  toxic  gas  environment.  Studies  of  fuel  pool 
fires  have  shown  that  a  fully  developed  fire  can  produce  a  radiant  heat  flux  of  about  14  British  Thermal 
Units  per  square  foot  per  second  (Btu/ft^  sec)  and  a  fire  scenario  has  been  developed  to  investigate 
the  effects  of  burning  interior  materials  when  ignited  by  this  intense  radiant  heat  suen  as  probably 
occurred  in  the  other  accidents.  BXill-scale  faselage  post-crash  fire  tests  are  being  oinducted  using  an 
intact  simulated  wide-body  passenger  cabin  with  a  door-size  opening  adjacent  to  a  large  external  fuel 
fire  (reference  8).  Initial  tests  were  conducted  vd.th  no  interior  materials  in  the  cabin  to  determine 
the  hazards  of  the  external  fuel  fire  alone  when  it  entered  through  the  door  art  indicated  that  tlie  heat 
flux  level  of  14  Btu/ft^  sec  at  the  door  r^idly  dropped  to  less  than  2  Btu/ft^  sec  at  a  distance 
of  ct»ut  10  feet  from  the  door.  While  hazardous  teftperatures  and  dense  black  smrke  were  developed, 
insignificant  concentrations  of  carbon  monoxide  and  a  minimal  depletion  of  oxygen  were  measoreo.  TSests 
with  seats  and  interior  furnishings  subsequently  installed  in  the  cabin  vhtoh  were  ignite:  by  the  fuel  fire 
have,  therefore,  been  efcle  to  identify  the  hazards  v4iich  are  created  solely  by  the  burning,  materials, 

on  a  nurtfcer  of  simulated  »d  full-scale  fire  tests  which  were  conducted  in  accordance  witli  this 
scenario,  heat  flux  values  of  2.2,  3.08,  and  4.41  Btu/ft  sec  (2.5,  3.5,  and  5.0  W/on  )  were 
selected  as  being  within  the  heat  flux  range  probably  existing  in  a  survivable  cabin  environment  for  use 
in  an  experimental  program  to  develop  a  procedure  for  testing  and  raiking  interior  materials  for  their 
total  oontoustion  hazards  (reference  9).  An  air  flow  rate  of  875  ftVmin  was  oonsidered  to  be 
representative  of  che  air  flow  through  open  doors  in  the  cabin  following  a  survivable  accident.  It  was 


the  objective  of  this  program  to  develop  a  laboratory  scale  ranking  method  called  the  ■'Cortoined  Hazard 
Index"  (CHI)  which  is  expressed  as  the  number  of  seconds  of  a  crash  fire  scenario  burn  time  available 
for  passengers  to  escape  from  a  cabin  in  which  an  interior  material  in  involved  in  fire.  In  thir- 
aH>roach,  occupant  escape  tine  becomes  the  common  denominator  relating  the  themiotoxic  environment 
accumulating  in  the  cabin  to  occupant  inca^citation.  However,  it  should  be  kept  in  mind  that  the 
influence  of  burning  materials  on  survivability  and  evacuation  is  also  interrelated  with  the  extent  of 
structural  damage,  impact  injuries,  discipline  and  order  among  the  crewnvenbers  and  passengers,  and 
whether  the  accident  occurred  at  night  or  in  daylight. 


REFEREWCES 

1.  Widmayer,  Jr.,  E. ,  and  Brende,  O.B.,  "Commercial  Jet  Transport  Crashworthiness  Study,"  IftSA  Langley 
Research  Center,  Hampton,  Virginia;  EAA  Technical  Center,  Atlantic  City,  N.J.,  Report  No.  WISA  CR 
165849/FAA-CT-82-68,  April  1982. 

2.  Wittlin,  G. ,  and  Wignot,  J.,  “Transport  Air..raft  Crashworthi.iess,  "EftSA  langley  Researai  Center, 
Hampton,  Virginia;  FAA  Technical  Center,  Atlantic  City,  N.J. ,  Report  No.  N^SA  CR  165851/EAA-Cl'-82-69, 
April  1982. 

3.  "Final  Repiort  of  the  Special  Aviation  Fite  and  Explosion  Reduction  (SAFER)  Advisory  Committee," 
Federal  Aviation  Administration,  Hashington,  D.C.,  Report  No.  EAA-ASF-80-4,  26  June  1980. 

4.  Botteri,  B.P.,  Gerstein,  M. ,  Horeff,  T. ,  and  Parker,  J.,  "Aircraft  Fire  Safety,  Volume  2;  Main 
Report,"  AGARD  Advisory  Report  No.  132-V3lume  2  (AGARI>iAR-132,  Volume  2),  November  1979. 

5.  Horeff,  T.G.,  "A  Crashworthiness  Analysis  with  Emphasis  on  the  Fire  Hazard:  U.S.  and  Selected 
Foreign  Turbine  Aircraft  Accidents,  1964-1974,"  Federal  Aviation  Administration,  Washington,  D.C., 
R^rt  No.  EAA-RD-75-156,  July  1976. 

6.  "Aviation  Fuel  Safety  -  1975,"  Coordinating  Research  Council,  Atlanta,  Georgia,  R^xort  No.  482, 
November  1975. 

7.  Snyder,  R.G. ,  "Advanced  Techniques  in  Crash  Inpact  Protection  and  Emergency  Egress  from  Air 
Transport  Aircraft,"  AO^RDograph  No.  221  (AGARD-AG-221 ) ,  June  1976. 

8.  Sarkos,  C.P. ,  Hill,  R.G. ,  and  Howell,  W.D. ,  "The  Development  cind  Application  of  a  Full-Scale  Wide 
Body  Test  Article  bo  Study  the  Behavior  of  Interior  Materials  During  a  Post-crash  Fuel  Fire,"  AQVRD 
Lecture  Series  No.  123,  June  1982. 

9.  Speith,  H.H. ,  Gaume,  J.G. ,  Luoto,  R.E.,  and  Klinck,  D.M.,  "Investigate  a  Combined  Hazard  Index 
Methodology  for  Ranking  an  Aircraft  Cabin  Interior  Material  for  Combustion  Hazards,"  FAA  Technical 
Center,  Atlantic  City,  N.J.,  Report  No.  EAA-CT-82-36,  Part  I,  June  1982. 


2- 


HUMAN  RESPONSE  TO  FIRE 

by 

Stanley  C.  Knapp,  M.D.,  and  Francis  S.  Knox  III,  Ph.O. 
P.  0.  Box  577 

U.S.  Army  Aeromedical  Research  Laboratory 
Fort  Rucker,  Alabama  36362 


SUMMARY 

This  lecture  series  addresses  human  survival  in  aircraft  fires.  The  discussion 
begins  with  a  review  of  aircraft  fires  and  human  survival  in  terms  of  the  thermal- 
physical  dimensions  and  properties  of  aircraft  fires,  the  chemical  and  toxic  nature 
of  fires,  the  concept  of  a  worst-credible  environment,  and  the  dimensions  of  survival 
time  as  derived  from  a  consideration  \.f  ground  and  airborne  fire  suppression  and  an 
aircraft  fire  analog  in  the  form  of  a  racing  accident. 

Having  defined  the  threat,  the  discussion  continues  with  a  review  of  the  epi¬ 
demiology  of  human  fire  morbidity  and  mortality.  In  this  section  we  consider  human 
morbidity  and  mortality  under  three  sets  of  circumstances:  (1)  no  personal  protec¬ 
tion  -  no  prevention  of  fire;  (2)  inadequate  protection  -  no  prevention  of  fire;  and 
(3)  prevention  of  fire  and  good  protection.  Following  the  epidemiology  discussion, 
we  critically  examine  the  theoretical  and  practical  aspects  of  survival  through  pre¬ 
vention  and  protection.  Reduction  of  fire  induced  death  and  elimination  of  fire 
related  injuries  in  otherwise  survivable  aircraft  accidents  are  possible  and  have 
been  demonstralsd  in  large  fleets  of  aircraft.  Prevention  of  the  fire  alone  or  in 
combination  with  protective  garments  will  yield  the  desired  results.  We  discuss  in 
some  detail  the  hel. copter  crashworthy  fuel  system  and  its  cost  relationship  to  burn 
Injury  cost  prevention.  All  the  concepts  of  personal  protection  through  the  use  of 
fire  protective  garments  are  discussed  with  attention  given  to  the  biomedica'  trade¬ 
offs.  Uniform  comfort,  degree  of  protection,  and  cost  are  also  compared.  The 
introduction  of  protective  fabrics  leads  to  a  discussion  of  the  assessment  techniques 
used  to  select  fabrics  best  suited  for  protective  clothing. 

Four  different  assessment  techniques  will  be  covered:  (1)  fire  pit  testing  of 
ensembles;  (2)  laboratory  flammability  and  thermal  transfer  measurements  on  fabric 
samples;  (3)  bioassay  tests  on  samples  using  animals  as  human  analogs;  and  (4) 
predictive  modeling. 

The  lecture  will  close  with  a  review  of  current  technology  eovoring:  (1)  use 
of  underwear  as  insulating  layers  in  ensembles;  (2)  capabilities  of  various  fabrics; 

(3)  developments  in  crashworthy  engineering;  (4)  foam  filled  suits;  and  (5)  fire 
suppressants  such  as  Halon. 

This  lecture  will  build  a  physical  and  biomedical  basis  upon  which  to  formulate 
strategies  for  the  development  of  aircraft  fire  prevention  and  personal  protection 
leading  to  Increased  human  survival. 

INTRODUCTION 

Human  burns  are  emotionally  and  visually  hideous.  The  treatment  of  burns  imposes  a  heavy  medical 
logistic  load.  Convalescence  is  long,  and  treatment  is  expensive.  The  patient’s  return  to  a  normal  life, 
if  he  has  been  severely  burned,  is  not  certain.  Returning  to  pre-injury  occupation  may  be  impossible. 
Aviators  and  other  a1rcrewm,en  rarely  return  to  flying  after  survivable  burns  in  a  postcrash  fire.  What 
is  even  more  unfortunate  is  that  most  do  not  survive. 

The  postcrash  fire  is  an  ever-present  threat  in  aircraft  crashes,  especially  those  involving  heli¬ 
copters.  While  Impact  forces  are  the  primary  cause  of  injury  and  death,  fire  takes  a  disproportionate 
toll  of  life  in  those  accidents  that  would  be  otherwise  survivable.  The  fires  occur  immediately,  involve 
the  crew  compartment,  and  are  very  severe.  The  prevention  of  burn  injury  and  death  is  a  tremendous 
engineering  and  medical  challenge.  Preventing  the  fire  can  be  accomplished  through  new  structural  design, 
crash  resistant  fuel  systems,  and  new  fuels.  This  technology  is  being  applied  with  excellent  results,  but 
it  will  be  a  long  time  before  the  application  is  widespread,  and  then  only  a  few  aircraft  will  benefit 
from  this  protection.  Therefore,  the  aviator  must  be  surrounded  with  a  protective  microenvironment  that 
will  provide  a  few  precious  seconds  of  protection  as  he  extricates  himself  from  the  aircraft  and  runs 
through  the  fireball.  This  microenvironment  is  created  by  a  protective  helmet,  visor,  gloves,  boots,  and 
a  flight  suit  constructed  of  some  thermal  protective  or  resistive  material.  The  selection  of  the  best 
techniques  and  materials  to  meet  all  design  requirements  and  provide  the  maximum  thermal  protection  is 
difficult.  Until  recently,  the  decision  criteria  were  based  on  laboratory  data  derived  from  physical 
thermal  sensors  like  thermocouples,  skin  simulants,  and  heat  sensitive  chemicals.  From  a  textile  view¬ 
point,  these  data  provide  an  excellent  engineering  base;  however,  they  are  not  reliable  fcr  making  mc'^ical 
decisions  regarding  which  material  is  most  effective  in  preventing  burns  regardless  of  what  happens  to  the 
fabric. 

Twelve  years  ago  the  authors  were  asked  to  develop  biologically  valid  methods  of  assessing  the 
various  techniques  used  in  improving  human  survivability  from  a  postcrash  fire.  These  included  an  epi¬ 
demiologic  analysis  of  fire  Injuries;  an  analysis  of  fire  rescue  and  fire  fighting  techniques  as  they 
apply  to  rotary-wing  and  light  to  medium  fixed-wing  aircraft;  and  the  evaluation  of  various  protective 
garments,  fabrics,  and  ensembles.  After  the  aircraft  fire  problem  had  been  defined,  a  rather  extensive 
program  evolved  that  began  with  a  description  of  a  worst-credible  postcrash  fire  complete  in  its  physical, 
thermochemical,  and  environmental  aspects.  Large  series  of  aircraft  postcrash  fire  mishaps  were  analyzed 
and  the  survivors  interviewed.  Assistance  was  given  to  the  engineering  community  as  it  worked  to  design 


fuel  systems  that  were  resistant  to  crash  and  would  prevent  the  fire  from  occurring.  The  best  and  most 
likely  avenues  for  successfully  improving  survivability  were  identified.  A  method  was  devised  to  bring 
the  characteristics  of  a  typical  postcrash  fire  into  the  laboratory  so  that  routine  experimentation  could 
be  performed.  What  followed  was  a  series  of  experiments  to  define  the  engineering  mechanics  of  fire 
induced  burns.  These  data  were  used  to  correlate  and  validate  the  physical  thermal  sensors  used  by  the 
textile  engineering  community  against  living  tissue  when  both  sensor  and  skin  are  exposed  to  an  identical 
thermal  threat.  These  data  were  in  turn  used  to  evaluate  various  protective  fabric  ensembles  under  devel¬ 
opment  and  in  current  use.  Lastly,  mathematical  models  have  been  designed  to  predict  bisi-n  survivability. 

In  order  to  determine  the  effectiveness  of  the  various  techniques  used  to  reduce  the  fire  hazard  and 
improve  human  survivability,  a  comprehensive  epidemiologic  study  was  conducted  comparing  fire  related 
morbidity  and  mortality  to  aircraft  mishaps  with  and  without  optimum  protection. 

This  lecture  will  highlight  some  of  the  features  of  this  program  and  serve  to  demonstrate  that  human 
beings  can  indeed  survive  aircraft  accidents  without  s'onificant  thermal  injury  where  postcrash  fire  is 
an  ever-present  threat. 

POSTCRASH  FIRE  ENVIRONMENT 

The  postcrash  fire  environment  as  it  relates  to  human  survival  has  been  extensively  studied  in 
numerous  test  programs.  There  has  been  extensive  analysis  throughout  the  international  comnunity  of 
aircraft  accidents  involving  fire  related  deaths.  There  are  many  similarities  between  the  postcrash 
fires  found  associated  with  automobile  racing  and  those  seen  in  the  general  aviation  conmunlty,  especially 
involving  light  fixed-wing  and  rotary-wing  aircraft.  From  these  many  studies,  the  most  significant 
factors  influencing  survivability  in  postcrash  fires  have  emerged. 

Many  variables  can  Influence  the  magnitude  and  threat  of  a  postcrash  fire.  These  include  the  rela¬ 
tive  wind,  type  of  terrain  into  which  the  flammable  fluid  has  drained,  the  fuel  distribution,  degree  of 
structural  damage,  location  of  the  fuel  spillage  within  the  aircraft,  vaporization,  number  of  structural 
openings,  degree  of  spill,  and  type  of  fuel  used.  However,  the  factors  that  best  describe  the  postcrash 
fire  situation  from  terms  of  possible  human  survival  are  smoke,  toxic  gases,  heat,  and,  most  importantly, 
the  associated  time  relationships. 

Smoke 


Postcrash  fire  generates  large  quantities  of  dense  smoke  consisting  of  unburned  carbon  particles, 
ashes,  and  gaseous  combustion  products.  These  come  from  three  basic  fire  sources.  The  first  and  most 
important  is  the  burning  of  the  fuel  itself.  The  amount  of  smoke  related  to  the  fuel  is  dependent  upon 
the  type  of  fuel.  Alcohols  contribute  essentially  no  smoke,  with  the  long  chain  carbon  rich  diesel 
molecules  contributing  much  sooty  smoke.  The  ratio  of  fuel  to  air  will  also  determine  the  amount  of 
smoke.  Trapped  fuel  burning  in  closed  compartments  and  spaces  where  the  amount  of  available  oxygen  is 
rapidly  decreased,  such  as  wing  compartments,  cargo  hulls,  or  in  dense  foliage,  worsen  the  smoke. 

The  second  common  source  of  smoke  in  all  types  of  fires,  but  especially  bad  in  large  cargo  and  air 
transport  aircraft,  is  from  the  ignition  of  the  polymeric  materials  used  in  interior  design  structures. 
These  include  the  synthetic  fabrics  of  seats,  carpets,  drapes,  lap  robes,  and  sound  deadening  Insulation. 
Also  of  concern  are  the  po1yrae''1c  based  plastics  used  in  interior  walls,  bulk  heads,  and  ancillary  equip¬ 
ment  such  as  counter  tops,  serving  trays,  and  other  structures.  The  Increasing  use  of  conposite  materials 
with  their  superior  strength-to-weight  ratio  and  resistance  to  fatigue  crack  propagation  has  structural 
advantages  over  most  traditional  metallic  alloys.  Most  of  these  composites  are  bound  with  polymeric 
resins  which  burn  even  though  the  matrix  such  as  Fiberglas  or  boron  graphite  will  not. 

The  third  souce  of  smoke  comes  from  the  secondary  ignition  of  fabrics,  materials,  and  structures 
made  from  vegetable  or  organic  fibers  such  as  paper,  fiber  board,  cotton,  wool,  and  wood.  This  smoke  is 
of  little  concern. 

The  rapid  obscuration  of  vision  by  smoke,  especially  in  large  air  transport  aircraft,  has  been 
repeatedly  reported  by  survivors  of  aircraft  postcrash  fires.  Many  have  stated  they  were  unable  to  see 
the  emergency  lighting  systems  at  the  exits.  This  has  led  human  factors  and  lighting  engineers  to  make 
strong  recommendations  over  the  years  for  high  intensity,  crash  resistant  interior  lighting  and  exit 
identification  systems.  Smoke  obscuration  causes  confusion  and  panic  and  is  thought  to  be  one  of  the 
critical  factors  in  delaying  or  preventing  the  escape  process  in  otherwise  survivable  fires. 

Toxic  Gases 


Death  associated  with  fire  is  often  attributed  to  smoke  Inhalation.  It  is  common  to  hear  of  fire 
fighter  Injuries  that  are  related  to  smoke  inhalation.  In  fact,  the  inhalation  of  soot  or  carbon  par¬ 
ticles  by  themselves,  unless  they  are  hot  enough  to  do  damage  to  the  respiratory  tract  or  cause  uncon¬ 
trolled  coughing  reflexes,  are  of  minimal  physiologic  or  survival  concern.  Unfortunately,  where  there 
is  smoke,  there  are  almost  certainly  toxic  gases.  The  predominant  toxic  byproduct  of  the  combustion 
of  fuel,  especially  where  fuel  air  mixtures  are  reduced  as  described  in  the  discussion  on  smoke,  is  carbon 
monoxide.  Carbon  monoxide  has  an  unusual  affinity  for  the  hemoglobin  pigments  found  in  human  red  cells 
which  normally  function  to  carry  oxygen  to  the  body's  cells.  The  formation  of  carboxyhemoglobin  effec¬ 
tively  blocks  oxygen  pick  up  and  release  by  the  hemoglobin  molecule.  If  the  concentrations  of  atmospheric 
carbon  monoxide  are  high  enough,  incapacitation  and  even  death  can  be  extremely  rapid.  But,  as  shown  in 
Figures  1  and  2,  lethal  concentrations  of  carbon  monoxide  do  not  occur  inmediately.  By  that  time  other 
factors  will  have  taken  on  much  greater  Importance;  primarily,  heat  itself. 
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FIGURE  1.  Average  Recorded  CO  Concentrations  and  Calculated  COHb  Levels 
in  Large,  Crashed,  Burning,  Passenger/Cargo-Carrying  Fixed-Wing  Aircraft. 
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FIGURE  2.  Average  Recorded  CO  Concentrations  and  Calculated  COHb 
Levels  in  Large,  Crashed,  Burning,  Passenger/Cargo-Carrying 
Helicopters. 

Perhaps  of  greater  concern  is  the  toxicity  from  the  pyrolytic  byproducts  of  the  polymeric  materials 
found  in  aircraft.  Table  I  summarizes  some  of  the  more  significant  toxic  byproducts.  Some  byproducts 
like  phosgene  can  be  incapacitating  at  very  low  concentrations  and  with  few  breaths.  Respiratory  pro¬ 
tection  can  play  a  role  in  survival.  Respiratory  protection  is  an  essential  component  of  the  fire 
fighter's  gear,  especially  those  involved  in  mine  accidents,  large  building  fires,  and  oil  field  fires. 
Many  jet  pilots  owe  their  lives  to  their  training  and  disciplined  use  of  their  oxygen  mask  in  a  smoke  and 
toxic  gas  filled  cockpit.  Considerable  experimentation  and  several  significant  recommendations  have  been 
made  to  provide  disposable  smoke  hoods  for  occupants  of  large  bodied  air  transport  aircraft  and  building 
and  ship  occupants  that  could  be  used  in  the  event  of  a  fire. 
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TABLE  I 

TYPICAL  TOXIC  PRODUCTS  OF  INCOMPLETE  COMBUSTION  OF  VARIOUS  MATERIALS 
{1n  addition  to  carbon  monoxide) 


Material  Product 


Cellulose  acetate,  some  vinyl  plastics 

Nitrogen— containing  plastics,  such  as 
the  urea-,  melamine-,  and  aniline- 
formaldehydes 

Phenol -formaldehyde  plastics 

Chlorine— containing  plastics,  such  as 
vinyl  chloride  and  vinylidene  chloride 

Alkyd  resins,  and  others  based  on,  or 
derived  from  glycerine 

Mood 

Wool,  silk,  leather,  cheese 

Butter  and  fat 


Acetic  acid 

Hydrogen  cyanide  (HCN),  ammonia 

Phenol -formaldehyde  (HCHO) 

Hydrochloric  acid  (HCl),  carbonyl 
chloride  (phosgene,  COCl) 

Acrolein 

Formaldehyde,  acetic  acid 
Hydrogen  cyanide 
Acrolein 


Heat  and  Fire 


The  c'.iemical  and  physical  processes  that  determine  the  formation  of  a  fire  plume  above  a  volatile 
pool  of  hydrocarbon  aircraft  fuel  are  characterized  by  the  coupling  of  complex  hydrodynamic,  thermodynamic, 
chemical  heat,  and  mass  transfer  mechanisms  together  with  the  geometry  and  extent  of  the  fuel  source,  air 
supply,  and  instantaneous  atmospheric  conditions.  The  thermochemical  and  physical  descriptions  of  a 
postcrash  fire  have  a  relationship  to  human  survival  only  in  how  they  translate  to  heat  on  the  skin  and 
in  the  respiratory  tract  and,  more  importantly,  thermal  flux  or  heat  applied  to  a  dimension  of  space  or 
surface  for  a  defined  period  of  time  expressed  as  calories  (C)  per  square  centimeter  (cm^)  per  unit  of 
time  (seconds).  Actual  temperatures  experienced  within  a  postcrash  fire  can  vary  widely  in  onset  rate 
and  peak  values  reached.  Large  bodied  aircraft  may  experience  considerable  interior  atmospheric  heating 
long  before  aircraft  skin  burn-through  occurs.  Fuselages  with  large  openings  made  either  by  the  crash 
or  in  the  form  of  Windows  and  doors  usually  heat  up  rapidly.  Fabric  covered  aircraft  and  helicopters 
heat  up  at  almost  the  same  rate  as  a  free  field  fire.  Figures  3  and  4  describe  typical  Interior  tempera¬ 
tures  in  large  bodied  and  small  bodied  aircraft  surrounded  by  fire. 


Time  after  impact,  sec 

FIGURE  3.  Average  Recorded  Ambient  and  Radiant  Temperatures  in  Large, 
Crashed,  Burning,  Passenger/Cargo-Carrying,  Fixed-Wing  Aircraft. 


FIGURE  4.  Recorded  Ambient  Temperature  Range  In  the  Cabin  Areas  of 
Large,  Burning,  Passenger/Cargo-Carrying  Helicopters. 


The  fire  itself  is  one  gigantic  petrochemical  cracking  tower  that  is  self  sustaining  as  the  molecular 
structure  of  the  fuel  and  exposed  structures  are  heated,  decomposed,  and  Ignited.  There  has  been  some 
concern  that  survival  from  chemically  dirty  fuel  fires  might  be  worse  than  those  from  relatively  clean 
fuels.  Our  research  has  shown  that  there  is  little  significant  chemical  interaction  with  the  body.  Long 
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chain  hydrocarbon  fuel  fires  that  are  particularly  sooty  have  very  high  radiant  energy  components  from 
the  luminescence  of  the  particulate  materials  (primarily  carbon).  The  cataclysmic  physical  properties  of 
a  fire  create  conduction  and  convection  thermal  transport  phenomena  that  are  of  primary  concern  to  sur¬ 
vival  only  if  they  bring  the  heat  source  to  the  individual  or,  in  the  cases  of  certain  atmospheric  con¬ 
ditions,  move  the  heat  in  the  fire  plume  away  from  the  survivor.  As  we  will  discuss  in  a  moment,  this 
latter  phenomenon  will  allow  one  occupant  to  emerge  from  a  fireball  essentially  unscathed  while  another 
is  consumed. 

Keeping  these  considerations  in  mind,  within  a  free  field  fire  or  one  that  can  be  considered  thermo¬ 
dynamically  to  be  infinitely  deep,  it  is  the  radiation  of  heat  that  plays  the  principal  role  in  survival 
from  a  postcrash  fire.  Figure  5,  from  the  work  of  Pryer  and  Yuill,  depicts  predicted  human  tolerance  to 
acute  exposure  to  ambient  air  temperatures  where  the  predominant  heat  transfer  mechanism  is  via  the 
conductivity  existing  between  air  molecules  and  skin.  Figure  6  depicts  typical  skin  pain  thresholds  as 
a  function  of  the  temperature  of  a  predominantly  radiant  heat  source.  When  exposed  to  high  temperatures 
there  are  two  factors  to  be  considered  in  determining  a  person's  survivability.  They  are  tolerance  to 
pain,  which  signals  injury  and  tissue  damage,  and  the  thermal  level  at  which  exposed  skin  will  experience 
at  least  second-degree  burning.  When  human  skin  is  heated  suddenly  to  temperatures  between  108  degrees 
Fahrenheit  and  113  degrees  Fahrenheit,  pain  is  experienced.  This  usually  becomes  unbearable  at  about 
124  degrees  Fahrenheit.  The  rate  of  heat  rise  and  exothermic  Intensity  of  the  thermal  source  influence 
damage  and,  thus,  survivability.  During  exposure  to  a  postcrash  fire,  the  heat  flux  is  so  Intense  and 
so  constant  as  to  do  irreparable  damage  very  early  in  the  exposure.  Human  beings  have  been  known  to 
survive  very  high  environmental  heat  loads  where  exposure  has  been  gradual;  thus,  allowing  the  body's 
adaptive  physiologic  systems,  such  as  peripheral  dilation  of  capillary  beds,  the  sweating  mechanism, 
and  other  cardiovascular  dynamics,  to  come  into  play  to  cool  the  body.  None  of  these  factors  play  a 
significant  role  in  survival  from  acute  heat  exposures  of  a  fire. 
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FIGURE  6.  Pain  Threshold  Time  as  a  Funcfon  of  Temperature  of  Radiant 
Heat  Source. 


Worst-Credible  Environment  (WCE) 

As  it  relates  to  a  postcrash  fire,  the  definition  of  WCE  means  an  explicit  statement  of  the  worst 
conditions  in  a  postcrash  fire  that  can  be  experienced  with  a  reasonable  chance  of  survival,  provided 
certain  protective  techniques  are  used.  For  very  practical  reasons,  the  rest  of  this  lecture  will  con¬ 
centrate  only  on  the  heat  aspects  of  a  postcrash  fire. 

A  typical  ambient  and  radiant  temperature  curve  for  large  cargo  passenger  carrying  aircraft  is 
shown  in  Figure  3.  As  can  be  seen,  little  temperature  increase  occurs  until  approximately  80  seconds 
after  impact.  One  of  the  main  reasons  for  the  delay  in  temperature  rise  is  the  protective  shield 
afforded  by  the  fuselage  as  seen  in  Figure  7.  Fuselage  skin  burn-through  averaged  about  80  seconds, 
although  the  range  of  burn-through  times  varied  between  40  seconds  to  over  120  seconds.  Calculated 
escape  times  based  on  human  tolerance  to  heat  varied  from  53  to  220  seconds,  with  the  average  escape 
time  equal  to  140  seconds.  It  is  during  these  long  available  escape  times  that  smoke  and  toxic  gases 
are  of  significance.  Breath  holding,  which  can  be  livesaving  in  a  fire,  becomes  almost  impossible  when 
a  person  is  panic  stricken,  prone  to  hyperventilation,  or  exercising  violently  during  the  escape  process. 
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FIGURE  7.  Aircraft  Skin  Melting  Time  Based  on  Gross  Weight. 


An  ambient  temperature  range  typical  for  light  utility  and  passenger  carrying  light  to  medium  fixed- 
wing  and  rotary-wing  aircraft  is  presented  in  Figure  4.  This  figure  shows  that  the  temperature  started 
to  rise  almost  immediately  after  the  crash.  The  early  temperature  rise  was  due  to  two  factors.  One  was 
that  extensive  structural  breakup  occurred  upon  impact  causing  openings  that  allowed  air  to  be  drawn  in 
providing  oxygen  for  internal  combustion  processes.  The  second  factor  was  that  most  of  these  aircr^rt 
had  fuselage  habitable  space  and  fuel  located  in  close  proximity  to  one  another.  In  other  words,  the 
fire  and  occupiable  space  were  geometrically  almost  one  and  the  same.  We  see  that  the  average  maximum 
time  to  escape  ranges  from  seven  seconds  for  helicopter  and  open-fuselage  aircraft  to  16  seconds  for 
closed-fuselage  aircraft  in  this  size  category.  Smoke,  carbon  monoxide,  and  toxic  fumes  are  of  little 
concern  in  these  rapidly  developing  fires.  Breath  holding  becomes  an  important  lifesaving  technique. 

Though  light  fixed-wing  and  helicopter  postcrash  fires  can  be  immediately  intense,  the  quantity  of  fuel 
spilled  ranges  from  as  little  as  10-15  gallons  to  rarely  more  than  200  gallor->  thus,  limiting  the  size 
of  the  fireball.  The  provision  of  a  thermal  protective  suit  offering  three  or  four  seconds  of  protection 
against  second-degree  burns  and  perhaps  a  second  or  two  more  against  third-degree  burns  now  takes  on 
gigantic  relative  importance  in  extending  these  escape  times. 

After  conducting  a  large  series  of  actual  aircraft  fires,  open  field  fuel  fires,  and  instrumenting 
human  surrogates  within  these  fires,  we  define  the  worst-credible  environment  as  an  infinitely  deep, 
luminescent  fire  with  a  surface  temperature  of  1800-2100  degrees  Fahrenheit,  with  60-80  percent  of  its 
heat  transmitted  to  the  skin  in  the  form  of  radiant  energy  at  a  thermal  flux  of  3.5-4  calories  per 
centimeter  squared  per  second.  This  roughly  equates  to  a  six-second  radiant  exposure  of  skin  to  a 
radiant  wall  of  heat  at  2100  degrees  giving  a  surface  skin  temperature  at  the  end  of  the  exposure  of 
400  degrees  Fahrenheit. 

POSTCRASH  FIRE  RESCUE 

All  modern  airports  and  most  military  airfields  are  equipped  with  technologically  advanced  and  very 
expensive  fire  fighting  equipment  manned  by  highly  trained  teams.  Large  transport  or  cargo  aircraft 
experiencing  takeoff  or  landing  accidents  in  which  there  is  a  postcrash  fire  with  the  associated  pro¬ 
longed  maximum  survival  times  can  benefit  from  rapid  reaction  fire  fighting  methods.  However,  when  the 
accident  occurs  off  the  improved  airfield  outside  the  boundary  fence  or  in  a  fanner's  field  or  a  city 
buiiness  or  residential  area,  this  sophisticated  fire  fighting  gear  is  of  essentially  no  value  in  im¬ 
proving  human  survival.  Ihe  use  of  foamed  runways  and  equipment  standing  by  to  rapidly  extinguish  onboard 
fires,  when  an  aircraft  lands  with  a  declared  emergency,  can  be  helpful  in  improving  survival. 

For  many  years,  military  airfields  utilized  helicopter  borne  dry  chemical  fire  fighting  systems 
which  would  hover  over  fixed-wing  aircraft  approaching  the  field  with  a  declared  emergency  that  had  the 
potential  for  an  associated  postcrash  fire,  such  as  a  malfunctioning  landing  gear  system  with  full  fuel 
tanks.  A  study  conducted  by  the  U.S.  Air  Force  covering  a  10-year  period  demonstrated  that,  despite  the 
close  proximity  of  this  fire  fighting  equipment,  there  was  no  improvement  in  human  survival  although  it 
was  possible  to  prevent  complete  fire  consummation  of  the  aircrc't. 

Studies  at  the  Army  Aeromedical  Research  Laboratory,  Fort  Rucker,  Alabama,  of  helicopter  borne  fire 
fighting  equipment  of  a  different  type  were  equally  surprising.  These  tests  evaluated  a  medium  utility 
helicopter  equipped  with  a  swing-out  boom  and  a  direclable  nozzle  which  would  spray  a  highly  effective 
fire  suppressant  mixed  with  water  to  clear  a  path  through  the  fireball.  The  helicopter  also  carried  a 
heavily  fire  orotected  rescue  man  who  would  repel  to  the  ground  and  theoretically  run  through  the  cleared 
path  to  extricate  passengers.  Even  under  the  best  circumstances  with  the  helicopter  fire  fighting  system 
at  a  hover  one  hundred  yards  away  from  the  fire,  at  the  moment  of  ignition  of  50  gallons  of  fuel  which  had 
been  allowed  to  percolate  into  sandy  soil  for  one  minute,  the  occupants  of  the  fire  would  have  perished. 

The  rotor  downwash  from  the  fire  fighting  helicopter  intensified  the  convective  turbulence  within  the 
fire  and  caused  ambient  temperatures  in  the  habitable  fuselage  to  rise  at  alarming  rates.  The  smoke  and 
turbulence  caused  visibility  problems  for  the  pilot  and  for  the  rescue  man  once  he  made  it  to  the  aircraft. 
The  fire  fighting  aircraft  had  to  approach  from  the  upwind  side  of  the  fire  to  avoid  visibility  and  heat 
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related  turbulence  problems.  Depending  on  where  he  started  his  approach,  this  often  cost  extra  precious 
seconds  of  delay.  Although  most  fire  fighting  materials  have  proven  effectiveness  in  reducing  a  fire's 
severity  or  putting  it  out,  the  problem  comes  in  getting  it  to  the  fire  in  time. 

It  is  well  understood  that  most  light  utility  aircraft  accidents  and  helicopter  accidents,  especially 
those  in  the  military  that  involve  fire,  occur  off  improved  airfields  and  away  from  any  significant  fire 
suppression  or  rescue  capabilities. 

Survivors  of  combat,  training,  and  incidental  postcrash  fires  associated  with  Arniy  military  aviation 
operations  for  a  two-year  period  were  interviewed.  The  purpose  of  the  Interviews  was  to  determine  among 
other  things  the  method  of  escape  from  the  fireball.  The  survivors'  responses  could  be  categorized  in 
three  broad  areas.  First,  the  survivors  thought  that  they  had  been  thrown  clear  of  the  aircraft  during 
the  crash  sequence.  This  was  particularly  true  for  passengers  of  helicopters  that  were  flying  with  the 
cargo  doors  open.  Second,  the  survivors  were  pulled  or  rescued  from  the  aircraft  by  fellow  passengers 
or  crewmembers.  Many  survivors  lived  only  to  the  peril  and  the  sacrifice  of  a  rescuer.  Third,  the 
survivors  had  no  knowledge  of  how  they  escaped  the  fireball,  attributing  their  escape  to  miracles, 
delayed  fire  onset,  and  largely  unknown  factors.  There  were  many  Instances  where  Individuals  escaped 
essentially  unharmed,  only  to  be  severely  burned  on  returning  to  the  aircraft  to  help  someone  else 
or  to  rescue  first  aid  equipment  or,  ironically,  fire  extinguishers. 

AUTOMOBIIE  RACING  FIRES 

Cameras  and  observers  with  stopwatches  are  rarely  available  at  the  instant  of  an  aircraft  postcrash 
fire.  To  better  define  and  understand  the  worst-credible  environment,  we  sought  an  anaiog  to  the  aircraft 
fire  and  found  it  on  the  automobile  racing  circuit. 

The  similarities  between  automobile  racing  accidents  and  light  fixed-wing  and  rotary-wing  aircraft 
accidents  are  many.  The  crews,  in  general,  use  a  full  array  of  protective  equioment  from  helmets  to 
thermal  protective  suits.  The  fuel  loads  at  the  time  of  crash  are  often  similar,  although  the  types  of 
fuels  are  widely  different.  The  pilots  of  racing  cars  and  aircraft  use  similar  restraint  systems  that 
must  be  released.  Escape  from  a  race  car  and  escape  from  a  cockpit  of  a  helicopter  involve  similar 
climbing,  getting  your  bearings,  and  running  to  get  outside  the  fireball.  Impact  forces  at  the  time  of 
crash  can  be  very  similar  because  of  the  similar  impact  velocities  of  the  vehicles.  Monocoque  and  tubular 
construction  using  light  aluminum,  aluminum  magnesium  alloys,  and  resin  impregnated  Fiberglas,  as  well  as 
the  proximity  of  fuel  storage  to  the  occupant(s)  create  additional  similarities. 

Track  side  motion  picture  photographers  and  photographers  with  motor  driven  35niii  cameras  have  in¬ 
advertently  preserved  valuable  data  for  us  to  study  to  understand  fire  survival.  At  this  time  we  will 
show  you  sodpe  film  clips  and  picture  sequences  of  postcrash  automobile  fires  which  are  representative 
of  worst-credible  aircraft  postcrash  fire  environments. 

r'lUCTIGN  OF  THE  POSTCRASH  FIRE  HAZARD 

Other  lecturers  during  this  series  will  discuss  in  detail  the  various  aspects  of  fire  reduction 
and  fire  prevention.  From  the  human  survival  standpoint,  the  best  way  to  reduce  Injury  and  eliminate 
death  is  to  prevent  fire  in  the  first  place.  We  have  already  discussed  and  pointed  out  the  relative 
uselessness  of  fire  fighting  techniques  and  rescue  to  improve  human  survivability. 

Fire  Prevention 


Fire  severity,  onset  rate,  and  size  can  be  dramatically  altered  by  the  use  of  fuois  that  have  higher 
vapor  pressures,  high  flash  points,  high  viscosity  or  can  be  made  to  gel,  or  which  can  be  inerted  by  the 
binary  addition  of  inerting  agents  to  the  fuel  cells  at  the  moment  of  crash. 

Fuel  containment  through  the  use  of  bladders,  foam  filled  fuel  tanks,  as  well  as  Fiberglas  or  nylon 
wrapping  of  external  fuel  tanks  has  been  rewarded  with  some  success. 

Fire  inerting  systems  using  nitrogen  atmospheres  in  fuel  tanks  or  Halon  in  the  passenger  and  crew 
compartments  and  in  internal  wing  and  fuselage  compartments  are  at  least  theoretically  feasible.  These 
techniques  have  found  usefulness  in  buildings,  land  fuel  storage  areas,  and  aboard  tanker  ships. 

The  elimination  of  ignition  points,  such  as  electrical  sparks  from  broken  high  amperage  electrical 
wires,  and  the  elimination  of  ferrous  metals  on  the  aircraft  fuselage  that  can  cause  sparks  when  the 
aircraft  slides  to  a  rest  against  rocks  or  concrete  can  reduce  this  hazard.  Relays  and  switches  that 
have  the  potential  for  creating  sparks  can  be  sealed  or  potted  or  exchanged  for  solid  state  devices. 
Attention  paid  to  battery  location  with  proper  venting  of  hydrogen  rich  gases  and  battery  cases  with 
heat  exchangers  in  the  event  of  a  battery  over-heat  might  be  profitable.  Use  of  self-extinguishing 
alloys  and  composites  in  high  risk  areas  of  the  fuselage  has  been  considered. 

Crashworthy  Fuel  System  (CWFS) 

In  our  opinion,  the  most  significant  advance  to  reduce  the  fire  hazard  has  been  the  development  of 
the  crashworthy  fuel  system  in  common  use  in  U.S.  Array  rotary-wing  aircraft.  Beginning  in  1970,  all  new 
helicopters  that  were  manufactured  were  equipped  with  a  crashworthy  fuel  system.  At  the  same  time,  an 
extensive  retrofit  program  of  older  aircraft  was  begun  and  is  now  complete.  The  ideal  crashworthy  fuel 
system  is  one  that  completely  contains  its  flammability  both  during  and  after  the  crash  sequence.  To 
accomplish  this,  all  components  of  the  system  must  resist  rupture  regardless  of  the  degree  of  failure  of 
surrounding  structures.  Success  of  such  a  system  depends  on  proper  selection  of  materials  and  design 
techniques  in  the  areas  of  fuel  tanks,  fuel  lines,  and  supporting  components  and  subsystems  such  as 
valves.  The  ideal  system  would  also  reduce  or  eliminate  potential  ignition  sources.  The  hydraulic 
system  would  be  similarly  protected  or  nonflammable  hydraulic  fluid  would  be  used..  Fuel  tank  location, 
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fuel  tank  shape,  and  fuel  tank  materials  will  be  carefully  engineered.  Tank  fittings  and  tank  attach- 
nient‘  kill  be  designed  to  shear  or  break  away  from  associated  structures  without  causing  secondary  damage. 
Valve,  will  be  self  sealing.  In  some  instances  attachment  strength  to  prevent  breakaway  will  have  to  be 
1..  ased  to  as  much  as  80  percent  of  the  failure  level  of  supporting  structures.  Fuel  arms  may  have  to 
be  1  .'xible  and  armored  and  coiled  or  wrapped  to  a^low  extension  and  distortion  without  rupture.  Fuel 
line  attachment  clips  will  be  breakaway  and  not  canse  secondary  cutting  or  tearing  of  fuel  lines.  The 
routing  of  fuel  and  hydraulic  lines  requires  design  attention  in  the  early  stages  of  airframe  layout. 
Passage  holes  through  bulk  heads  that  can  distort  and  cut  a  line  may  need  to  be  larger  than  lormal. 
Supporting  components  play  a  vital  role  in  that  they  should  be  capable  of  preventing  spillage  in  accidents 
with  crash  forces  equal  to  or  better  than  tank  strength.  The  fuel  tank  vents  must  prevent  fuel  leakage 
in  the  event  of  aircraft  roll  over.  The  same  applies  to  fuel  filler  necks  and  quantity  sensors  found 
in  the  fuel  tanks  themselves. 

Figure  8  shows  the  schematic  of  the  crashworthy  fuel  system  installed  in  the  Bell  UH-ID/H  helicopter 
I'leet.  The  basic  features  are  the  same  in  systems  installed  in  other  aircraft  types.  Figure  9  graphically 
demonstrates  the  system's  effectiveness  during  a  severe  crash. 


FIGURE  8.  Schematic  of  the 
Crashworthy  Fuel  System  Installed 
in  thi  UH-ID/H  Helicopter  Fleet. 


FIGURE  9.  This  UH-IH  crashed  at 
night  in  itistrument  meteorological 
conditions  ^MC).  The  pilot  and 
copilot  survived  with  injuries. 

The  CWt-S  Tunctioneo  as  designed. 

Note  the  right  forward  fuel  cell 
in  the  foreground,  which  tore  loose 
from  the  aircraft  and  prevented  fuel 
spillage.  There  was  no  postcrash 
fi  re. 


EPIDEMIOLOGY  OF  FIRE  MORBIDITY  AND  MORTALITY 

Aircraft  accident  survivability  is  a  generic  classification  dependent  upon  habitable  postcrash  cockpit 
structural  space  and/or  crash  acceleration  forces  at  the  floor  under  the  seat  that  are  within  human  toler¬ 
ance  irrespective  of  the  influence  of  fire  or  water  (drowning).  All  aircraft  accidents  can  be  classified 
as  survivable,  partially  survivable,  or  nonsurvivable.  Because  this  classification  does  not  consider  the 
effects  of  fire,  it  is  possible  for  an  individual  to  survive  the  impact  of  a  nonsurvivable  accident  and 
die  a  thermal  death.  The  initial  impression  of  lay  persons  or  persons  unfamiliar  with  postcrash  accident 
analysis  techniques  when  viewing  the  burned  wreckage  and  victims  of  an  accident  is  to  make  a  wrong  judg¬ 
ment  that  death  was  caused  by  fire.  In  fact,  none  of  the  victims  may  have  died  as  a  result  of  fire..  All 
fire  related  injuries  may  be  post-mortem. 

Table  II  presents  fatalities  and  injures  ^rom  68  nonsurvivable  accidents  classified  as  to  their 
thermal  and  nonthermal  etiologies.  No  aircraft  in  this  series  were  iquippped  with  crashworthy  fuel 
systems. 


TABLE  II 

1967-1969  FATALITIES  AND  INJURIES  IN  NONSURVIVABLE  ARMY  HELIOPTER  CRASHES* 


Aircraft 

Fatalities 

Injuries 

Thermal 

Non-Thermal 

Thermal 

Non-Thermal 

UH-ID 

64 

108 

2 

8 

UH-IH 

31 

148 

1 

0 

AH-IG 

1 

14 

0 

0 

TOTAL 

96 

270 

3 

8 

*68  accidentn,  no  crashworthy  fuel  systems,  57  pos*crash  fires 


Table  III  presents  the  same  data  on  1,000  accidents  classified  as  survivable.  Elimination  of 
fatalities  and  reduction  of  injury  in  survivable  accidents  are  a  more  realistic  goal  than  trying  to  make 
nonsurvivable  accidents  survivable.  It  should  be  noted  that  postcrash  fires  occurred  in  13.3  percent 
of  survivable  crashes  and  contributed  95  thermal  injuries  or  approximately  60  percent  of  the  159 
fatalities  in  this  series. 


TABLE  III 

1967-1969  FATALITIES  AND  INJURIES  IN  SURVIVABLE  ARMY  HELICOPTER  CRASHES* 


Aircraft 

Fatalities 

Injuries 

Thermal 

Non-Thenial 

Thermal 

Non-Thermal 

UH-10 

47 

106 

32 

718 

UH-IH 

47 

49 

25 

530 

AH-IG 

1 

4 

7 

49 

TOTAL 

95 

159 

64 

1297 

*1000  accidents,  no  crashworthy  fuel  systems,  133  postcrash  fires 


Table  IV  dramatically  demonstrates  another  series  of  accidents  and  the  relationship  of  fire  related 
injuries  and  death  with  and  without  the  crashworthy  fuel  system.  This  series  of  accidents  was  taken  during 
tne  1970-1976  time  frame  when  there  were  parallel  developments  in  better  crew  restraint  systems,  more 
crashworthy  seats,  fire  resistau  aramid  flight  clothing,  and  fewer  old  high-fire-risk  aircraft  being 
flown.  The  16  fires  that  occur  -•J  in  aircraft  equipped  with  the  crashworthy  fuel  system  resulted  in  five 
thermal  injuries  but  no  fatalities.  These  were  early  cnshworthy  systems  that  had  some  inherent  flaw  or 
deficiency. 


TABLE  IV 

1970-1976  ARMY  HELICOPTER  CRASH  FATALITIES  AND  INJURIES 


Classification 

Survivable 

Nonsurvi vable 

w/o  CWFS 

with  CWFS 

w/o  CWFS 

with  CWFS 

Thermal  Injuries 

20 

5 

5 

0 

Non-Thermal  inju'"ies 

529 

386 

13 

28 

Thermal  Fatalities 

34 

0 

31 

1 

Non-Then  il  Fatalities 

120 

44 

229 

85 

Accidents 

1160 

1258 

61 

32 

Postcrash  Fires 

43 

16 

42 

18 

Tables  V  and  VI  break  down  injuries  and  fatalities  respectively  fo*"  the  same  series  of  accidents. 
The  majority  of  deaths  and  injury  occur  in  UH-IH  accidents.  The  UH-IH  is  not  necessarily  less  crash- 
worthy.  It  is  the  workhorse  of  the  Army  helicopter  fleet  and  the  most  flown  aircraft;  thus,  exposing 
it  to  the  greatest  accident  risk. 


TABLE  V 

1970-1976  INJURIES  BY  AIRCRAFT  TYPE 


Aircraft 

Thermal 

Non-Thermal 

w/o  CWFS* 

with  CWFS** 

w/o  CWFS* 

with  CWFS** 

UH-10 

1 

0 

39 

26 

UH-IH 

18 

5 

352 

345 

AH-IG 

3 

0 

75 

17 

0H-58A 

3 

0 

76 

26 

TOTAL 

25 

5 

542 

414 

*1221  accidents,  without  CWFS,  and  85  postcrash  fires 

**1290  accidents,  with  CWFS,  and  34  postcrash  fires 


TABLE  VI 

197C-1976  FATALITIES  BY  AIRCRAFT  TYPE 


2-11 


Ai rcraft 

Thermal 

Non-Thermal 

w/o  CWFS* 

with  CWFS** 

w/o  CWFS* 

with  CWFS** 

UH-ID 

8 

0 

10 

5 

UL-IH 

49 

1 

263 

107 

AH-IG 

3 

0 

36 

12 

0H-58A 

5 

c 

40 

5 

TOTAL 

65 

1 

349 

129 

*1221  accidents,  without  CWFS,  and  85  postcrash  fires 
**1290  accidents,  with  CWFS,  and  34  postcrash  fires 


Since  1976,  in  Army  helicopter  aircraft  equipped  with  crashworthy  fuel  systems  involved  in  accidents 
classified  as  survivable,  there  have  been  no  thermal  related  injuries  or  deaths.  There  have  been  post¬ 
crash  fires,  but  because  o't  the  protective  microenvironment  provided  to  the  aviators,  they  have  been  able 
to  successfully  escape  without  injury. 

DESIGN  CONSIDERATIONS  FOR  EFFECTIVE  FIRE  PROTECTIVE  CLOTHING  SYSTEMS 

Thus  far,  we  have  defined  the  threat  of  fire,  discussed  the  epidemiology  of  morbidity  and  mortality, 
and  looked  at  the  practical  considerations  of  reducing  injury  and  death  by  eliminating  the  fire  itself 
and  by  providing  personal  protection.  We  now  focus  on  the  design  of  personal  protective  clothing  systems. 
There  are  a  number  of  factors  to  be  considered  in  such  a  design  process.  Some  of  these  factors  relate  to 
the  protective  quality  of  the  clothing  systems,  while  others  relate  to  the  acceptability  or  cost  effec¬ 
tiveness  of  such  ensembles 

Comfort 


The  first  factor  consider  is  comfort.  Comfort  is  subjective  and  based  on  many  parameters,  such 
as  the  feel  of  the  fabric,  the  ability  of  the  fabric  to  absorb  or  pull  water  away  from  the  skin  and 
evaporate  it  on  the  surface  of  the  fabric,  the  suppleness  or  stiffness  of  the  fabric,  and  its  ability 
to  breath  or  exchange  air.  As  might  be  expected  of  such  a  subjective  quality,  comfort  is  difficult  to 
measure,  and  there  is  much  controversy  surrounding  the  ways  in  which  one  designs  comfort  into  fire 
clothing  systems. 

Bulk  and  Launderability 

The  next  quality  to  consider  is  bulk.  A  bulky  garment  often  makes  it  unacceptable,  particularly  in 
hot  climates  or  in  jobs  which  require  considerable  dexterity.  Another  factor  is  launderability.  Any 
garment  which  is  difficult  to  clean  will  be  unacceptable  to  the  user.  User  acceptability  relates  also  to 
the  ability  to  dye  the  clothing  systems  in  acceptable  colors.  Dye  selection  must  take  into  consideration 
the  durability  or  fastness  of  the  dye  and  considerations  of  the  toxicity  of  dyes  should  they  come  off  the 
fabric  during  normal  wear  or  heating  in  a  fire  sequence. 

Insulation,  Permeability,  and  Durability 

It  is  now  possible  to  measure  the  insulative  properties  of  a  clothing  system  using  instrumented 
copper  manikins  and  calculate  a  do  value,  or  insulating  value,  for  ensembles.  From  this  value,  the 
ability  to  operate  in  hot  environments  without  causing  heat  stress  can  be  calculated.  Many  synthetic 
fabrics  do  not  wet;  i.e.,  the  amount  of  water  that  the  fibers  take  up  is  essentially  negligible  as 
compared  to  wool  or  cotton  and  other  natural  fibers.  However,  some  synthetic  fibers  can  be  constructed 
to  transport  water  away  from  the  skin  by  capillary  action  and  evaporate  that  water  at  the  surface  of  the 
garment  thereby  contributing  toward  comfort.  The  weave  or  construction  of  fabrics  used  in  clothing 
systems  will  result  in  a  certain  air  permeability  of  the  fabric.  The  more  permeable  it  is,  the  cooler 
the  garment  is  likely  to  be.  However,  hot  air  from  the  fire  will  also  tend  to  move  through  a  fabric 
which  has  high  air  permeability.  The  durability  of  tlie  fabric  relates  to  such  properties  as  abrasion 
and  tear  resistance  of  the  fabric. 

Layering 


It  has  been  shown  by  Stoll  and  confirmed  by  our  own  work  that  layering  provides  extra  insulation  from 
the  effects  of  fire.  As  a  rule  of  thumb,  the  more  layers  the  more  protection.  The  problem  comes  when 
one  considers  the  acceptability  of  a  garment  for  use  in  everyday  wear  in  environments  vfhere  more  than  one 
or  two  layers  would  be  uncoimfortably  warm.  Thus,  there  is  a  conflict  between  protection  from  fire,  on  the 
one  hand,  and  comfort,  on  the  other. 

Fabric's  Response  to  F!»'e 

The  final  attribute,  and  the  one  upon  which  we  will  now  focus,  is  the  response  of  the  ensemble  to 
fire  itself.  Under  this  category,  we  will  consider  such  things  as  flammability  of  the  components  and  the 
maintenance  of  structural  integ'^ity  of  the  fabric  when  subjected  to  the  fire.  We  need  to  consider  whether 
the  fabrics  shrink  when  heated  or  whether  they  char  or  ablate.  And  finally,  we  need  to  consider  the 
amount  of  energy  transferred  through  a  fabric  or  a  clothing  system,  because  it  is  this  transferred  energy 
that  interacts  with  the  skin  to  form  a  burn.. 


Before  we  move  on  to  the  consideration  of  the  response  of  protective  ensembles  to  fire,  let  us 
review  the  problem  of  overall  design.  The  design  of  any  clothing  system  is  essentially  a  compromise.  It 
is  not  possible  to  provide  maximum  protection  in  a  garment  which  is  maximally  comfortable.  Comfortable 
garments  tend  to  provide  less  protection  than  garments  which  are  bulky  and  basically  uncomfortable.  Thus, 
there  has  to  be  a  trade-off  between  comfort  and  protection.  Often,  there  has  to  be  a  trade-off  between 
cost  and  protection.  The  materials  out  of  which  protective  ensembles  are  currently  made  tend  to  be  diffi¬ 
cult  to  dye.  Therefore,  the  selection  of  colors  may  be  hampered  by  the  necessity  of  using  certain  polymers. 
By  the  same  token,  certain  polymers  may  be  excluded  from  consideration,  because  they  cannot  presently  be 
dyed  to  meet  user  requirements.  The  essential  point  is  that  every  clothing  system  is  a  compromise. 

EVALUATION  TECHNIQUES  TOR  PERSONAL  FIRE  PROTECTIVE  CLOTHING  ENStMBLES 

The  evaluation  techniques  for  fire  protective  clothing  systems  evolved  out  of  the  need  to  answer  a 
number  of  questions.  The  first  question  relates  to  the  flaimiability  of  individual  components.  Does  a 
fabric  burn  when  subjected  tc  a  hot  source?  This  basic  question  arose  out  of  the  assumption  that  a  fabric 
which  did  not  burn  when  exposed  to  a  fire  source  and  would  not  sustain  combustion  upon  the  removal  of 
this  fire  source  would  be  a  good  candidate  to  include  in  protective  clothing  system  designs. 

Flarmabilitv  Tests 

Over  the  years  a  number  of  engineering  flammability  tests  have  been  developed  and  standardized.  One 
test  utilizes  flame  impingement  at  the  edge  of  a  swatch  of  maierial.  Each  test  specifies  the  type  of 
flame  or  heat  source,  the  length  of  time  the  flame  touches  the  edge  of  the  fabric,  and  the  acceptability 
of  a  certain  amount  of  fabric  burning.  In  the  edge  burn  test,  the  fabric  tends  to  burn  away  from  the 
flame.  A  self-extinguishing  fabric  will  stop  burning  when  the  fabric  is  moved  far  enough  from  the 
flame.  A  flammable  fabric  will  continue  to  burn  until  the  fabric  is  consumed.  Modifications  of  this 
approach  include  exposing  the  heat  source  perpendicular  to  the  surface  of  the  fabric  and  holding  the 
fabric  at  some  angle,  such  :s  45  degrees,  to  simulate  a  combination  of  horizontal  and  vertical  orientation. 
One  can  readily  see  that  in  a  vertical  orientation,  the  burning  fabric  tends  to  heat  up  the  fabric  right 
above  it,  whereas  the  horizontal  orientation  would  tend  to  heat  only  the  air  above  the  burning  location 
and  not  necessarily  the  adjacent  fabric. 

The  first  basic  problem  with  these  tests  of  flammability  centers  on  the  fact  that  tne  sources  are  not 
adequate  representations  of  real  aircraft  fires.  They,  in  fact,  simulate  the  cigarette  or  match  carelessly 
placed  next  to  a  fabric,  such  as  one  would  experience  in  household  or  clothing  fires.  The  other  problem 
is  that  there  is  no  relationship  between  the  fabric  flammability  and  the  amount  of  skin  damage  that  results 
when  such  a  fabric  is  worn  in  a  fire. 

Test  Methodology  and  Instrumentation 

This  brings  us  to  the  next  step  in  test  method  development;  that  is,  the  use  of  instruments  such  as 
calorimeters  to  measure  the  amount  of  heat  evolving  from  a  fabric  as  it  burns  or  smolders.  It  has  been 
possible  for  quite  some  time  to  measure  the  heat  evolved  from  burning  fabrics.  The  critical  inadequacy 
has  been  the  inability  to  make  statements  concerning  the  human  response  co  heat  flux  (x  number  of  calories 
par  square  centimeter  per  second);  i.e.,  the  amount  of  energy  evolving  from  a  combustible  source. 

In  an  attempt  to  more  accurately  simulate  an  aircraft  fire,  the  U.S.  Navy  and  the  U.S.  Army  ''aveloped 
what  are  commonly  referred  to  as  "Fire  Pit  Tests."  In  these  tests,  Fiberglas  manikins  (Figure  10)  are 
dressed  in  ensembles  and  instrumented  with  maximum  temperature  sensors  usually  consisting  of  paper 
sensors  impregnated  with  organic  compounds  which  melt  at  specific  temperatures.  The  fires  in  the  fi.'e 
pits  are  provided  by  burning  an  appropriate  aviation  fuel  spread  on  the  surface  of  a  pool  of  water.  The 
manikins  are  drawn  through  the  raging  fire  at  a  specified  speed  to  give  either  a  three-  O'"  six-second 
exposure,  This  method  suffers  in  that  only  maximum  temperatures  are  obtained  without  any  time  history.. 

The  fires  are  spotty  and  ensembles  can  emerge  unscathed.  While  this  is  realistic  of  a  real  fire  in  some 
regards,  it  falls  short  of  exposing  fabric  ensembles  in  a  reproducible  way  to  a  worst-credible  environ¬ 
ment.  In  addition,  the  Fiberglas  manikin  does  not  represent  human  skin.  No  valid  judgments  can  be  made 
about  relative  degrees  of  burn  protection  if  these  factors  cannot  be  controlled. 

In  an  attempt  to  make  a  correlation  between  maximum  temperature  sensors  and  actual  burns,  both 
temperature  sensors  and  living  pigskin  were  subjected  to  an  identical  thermal  source.  The  problem  here 
was  that  the  thermal  source  was  a  carbon  arc  lamp  of  somewhat  different  spectral  content  than  the  fire. 

The  carbon  arc  lamp  has  a  reasonably  constant  output;  the  fire  pit,  on  the  other  hand,  is  an  extremely 
variable  tnermal  source  (See  Figure  11).  In  fact,  the  variability  of  the  fire  pit  was  such  that  in 
eder  to  make  any  statistical  sense  of  the  variability,  some  35  or  40  paired  suits  had  to  be  run  through 
the  fire  pit  in  orde»'  to  make  any  statistical  comparison  between  the  two  kinds  of  suits. 

In  ar.  attempt  to  develop  a  correlation  between  heat  flux  measurements  or  temperature  measurements  and 
domage  to  the  skin,  a  variety  of  skin  simulants  were  developed.  The  simulants  consisted  of  compounds 
possessing  thermal  properties  similar  to  those  of  skin  whose  temperature  response,  when  exposed  to  the 
fire  or  the  energy  transmitted  through  a  thermal  protective  covering,  cculd  be  expected  to  be  similar  to 
that  of  skin  or  which  could  he  mathematically  correlated  to  skin.  It  was  possible  with  the  skin  simulants 
to  measure  the  temperature  rise  as  a  function  of  time  a.iu  to  show  that  certain  fabrics  or  fabric  combina¬ 
tions  resulted  in  a  diminished  response  of  the  skin  simulant.  Unfortunately,  there  was  still  no  firm 
relationship  between  the  temperature  rise  in  the  skin  sis-ulant  and  the  resultant  burn,  Stoll  spent  many 
years  working  out  an  approach  using  skin  simulants  and  using  a  model  to  convert  the  temperature  rise  in 
the  skin  simulants  to  an  indication  of  threshold  blister  formation.  Unfortunately,  the  skin  simulants 
themselves  only  mimicked  skin's  response  to  a  limited  extent  and  were  best  suited  to  mild  exposures..  They 
would  not  accurately  measure  greater  than  second-degree  bu.'iis.  The  therma’  source  did  not  properly  sim¬ 
ulate  a  postcrash  fire  except  for  temperature.  The  exposures  were  to  a  very  even  heat  source  for  controlled 
periods  of  time  so  that  the  heat  input  to  the  fabric  simulant  ind  heat  sensor  was  essentially  a  square  wave. 
Anyone  watching  and  comparing  a  test  and  an  actual  fire  would  realize  that  the  thermal  input  to  a  clothing 
system  within  a  fire  would  not  be  a  square  wave  but  a  time  varying  flux. 
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Bioassay  Technique 

In  an  attempt  to  resolve  some  of  the  problems  in  the  previous  methods,  a  bioassay  technique  was 
developed.  We  selected  domestic  white  pigs  as  an  analog  for  human  skin.  The  pigs  were  anesthetized  and 
exposed  to  a  simulated  postcrash  fire  consisting  of  burning  JP4  fuel.  The  fire  was  housed  in  a  specially 
designed  furnace  (Figure  12).  Furnace  wall  temperatures,  fuel-air  ratios,  and  convective  flows  could 
be  controlled.  Exposure  was  controlled  by  a  water-cooled  shutter  system.  Heat  flux  applied  directly  to 
the  skin  could  be  widely  altered.  Heat-proof  templates  containing  six  circular  exposure  holes  protected 
the  skin  from  all  exposure  except  that  desired.  The  resulting  circular  burn  sites  were  in  areas  left 
unprotected  as  controls  or  covered  by  various  fabrics  of  interest.  Methods  were  developed  to  grade  the 
level  of  burn  from  no  burn  to  full  thickness  burn  over  16  levels.  Bioosies  of  the  burn  sites  were 
accomplished,  and  measurements  of  the  actual  burn  depth  were  made  on  these  biopsies.  In  some  instances 
small  thermocouples  were  implanted  within  the  skin  to  follow  the  temperature  rise  and  fall  during  and 
after  exposure  to  the  thermal  source.  During  some  exposures  we  took  highspeed  motion  pictures  of  blaster 
fori'atiun.  Dur-ng  these  sequences  we  noted  the  shrinkage  of  the  skin  followed  hy  the  separation  of  the 
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epidermal  and  dermal  layers  due  to  steam  formation,  the  subsequent  breakdown  of  the  blister  itself,  and 
further  charring  of  the  protein.  During  these  observations  it  became  quite  clear  that  any  consideration 
of  burn  mechanism  would  have  to  take  into  account  blister  formation  and  the  boiling  of  tissue  water. 


FIGURE  12.  Furnace 


It  should  be  pointed  out  that  in  the  earlier  human  volunteer  studies  of  Stoll,  the  blisters  that  were 
formed  were  generally  formed  subsequent  to  exposure,  i.e.,  the  exposures  were  relatively  mild.  The  human 
blisters  were  the  result  of  accumulation  of  fluid  at  the  epidermal -dermal  boundary.  Threshold  blister 
was  defined  as  the  appearance  of  a  blister  within  24  hours  after  burn.  The  blisters  which  occurred  in 
the  more  severe  pig  burns  resulted  from  tissue  water  boiling  and  the  sometimes  explosive  production  of 
steam  at  the  epidermal -dermal  boundary.  The  difference  in  blister  formation  was  largely  due  to  the  rate 
of  heating.  Until  skin  desiccation  is  complete,  dermal  temperatures  remain  at  100  degrees  Centigrade. 

The  bioassay  method  had  the  advantage  over  previous  methods  in  that  actual  burns  were  produced  under 
test  fabrics.  This  proved  to  be  important  in  conveying  to  engineers  and  physicians  biologically  valid 
information  which  managers  needed  to  make  their  selection  decisions;  i.e.,  would  the  samples  protect  the 
wearer  from  damaging  effects  of  fire  and  if  so,  to  what  extent.  The  difficulty  with  the  bioassay  tech¬ 
nique  is  that  it  is  very  costly  and  very  time  consuming.  It  is  really  not  cost  effective  to  screen 
potential  new  fabrics  or  fabric  ensembles  with  the  bioassay  technique  because  of  the  number  of  people, 
the  animals,  and  the  cost  involved. 

Models  of  Curn  Mechanics 

The  next  step  was  o  take  heat  flux  sensors  and  measure  the  heat  transfer  through  fabric  systems 
with  these  sensors  ,  J  to  correlate  the  thermal  transfer  with  the  burns  that  would  have  been  produced 
using  the  bioassay  technique.  A  data  base  was  built  of  more  than  1,600  burns.  The  nonlinearity  of  the 
burning  process,  especially  when  you  consider  the  complexity  of  tissue  water  boiling,  blister  formation, 
and  the  like,  did  not  lend  itself  to  a  straightforward  correlation  between  heat  flux  and  tissue  damage. 

The  final  step  in  the  process,  then,  was  to  develop  a  mathematical  model  which  would  transform  heat  flux 
measurements  into  burn  depth  predictions.  To  develop  this  model,  two  approaches  were  taken.  One  was 
essentially  a  statistical  approach  using  multidiscriminate  analysis.  This  has  the  advantage  in  that  it 
is  reasonably  easy  to  do  once  one  has  the  sufficient  information  in  the  data  base.  There  is  a  problem 
connected  with  this  approach,  however,  which  is  that  the  statistical  model  may  be  valid  only  for  the 
conditions  under  which  the  data  were  taken.  The  approach  finally  settled  upon  was  to  analytically  model 
the  situation.  Our  approach  had  its  origins  in  the  worx  of  Moritz  and  Henriques  at  Harvard  in  the  1940 's 
as  extended  by  Stoll  at  the  Naval  Air  Development  Center;  Mehta  and  Wong  at  the  Massachusetts  Institute 
of  Technology;  Takata,  Illinois  Institute  of  Technology,  under  contract  to  our  laboratory;  and  finally  by 
those  in  our  own  laboratory. 

The  approach  we  followed  was  to  stick  with  the  early  assumption  made  by  Morit?  and  Henriques  that 
damage  proceeds  as  essentially  a  first  order  chemical  reaction  related  to  the  temperature  of  the  tissue. 

The  idea  is  that  if  one  can  predict  or  measure  the  temperature  of  the  tissue,  one  can  calculate  a  damage 
rate  based  on  that  temperature  using  a  first  order. equation.  The  procedure  is  to  adjust  the  coefficients 
ana  exponents  of  the  first  order  equation  such  that  tiio  integral  of  the  damage  rate  over  the  time  course 
of  the  burning  process  is  equal  to  one  (1)  at  a  depth  judged  to  be  the  transition  between  normal  and 
abnormal  tissue.  Stoll  took  this  process  one  step  further  and  considered  not  only  the  heating  phase  but 
the  coding  phase  of  the  burn  process  as  well.  In  this  earlier  work  there  seemed  to  be  a  threshold  beyond 
which  tissue  was  damaged  and  below  which  repair  either  equaled  damage,  or  no  damage  was  occurring..  This 
threshold  temperature  is  variously  quoted  as  44  or  45  degrees  Centigrade.  Stoll's  exposures  were  rela¬ 
te. ely  mild,  up  through  0.4  calories  per  square  centimeter  per  second,  and  were  a  great  deal  less  than 
the  exposures  seen  in  an  aircraft  fire..  In  engineering  terms,  she  was  essentially  using  small  signal 
linearization.  She  adopted  this  strategy  because  she  was  interested  in  threshold  blister  as  a  cutoff 
and  was  constrained  by  human  reaction  time  to  use  exposures  sufficiently  mild  to  allow  subjects  to  remove 
their  fingers  from  the  heat  source  prior  to  severe  burn.  The  response  of  the  tissue  during  these  relatively 
mild  inputs  did  I’cl  respond  with  such  disruptive  phenomena  as  massive  blood  flow  changes  or  blister  forma¬ 
tion  during  tl.e  course  of  the  burning  process;  hence,  her  model  worked  only  for  relatively  mild  inputs. 
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When  the  model  was  applied  to  some  of  the  more  severe  inputs  contained  in  our  data  base,  it  was 
found  to  over  predict  the  damage.  In  studying  the  problem  in  some  depth,  we  determined  that  several 
changes  had  to  be  made.  First,  the  model  had  to  take  into  account  water  boiling  in  the  formation  of  a 
blister,  Takata  included  this  in  his  model  for  us.  Second,  the  flow  of  heat  had  to  proceed  thniugh  the 
skin  and  into  deeper  layers  of  the  body,  because  sufficient  energy  was  entering  the  system  to  bring  the 
temperature  of  the  entire  system  above  damage  threshold.  Without  the  flow  of  energy  out  the  back  wall, 
this  skin  model  would  be  completely  damaged  at  inputs  which  actually  caused  much  less  injury.  Third, 
for  long,  severe  exposures,  changes  in  blood  flow  had  to  be  taken  into  account.  Fourth,  changes  in 
thermal  properties  of  skin  after  blister  formation  and  desiccation  of  the  surface  layers  had  to  be  taken 
into  account.  Fifth,  a  profile  of  thermal  properties  as  a  function  of  depth  had  to  be  introduced,  and  it 
was  found  that  by  measuring  tissue  water,  it  was  possible  to  develop  a  correlation  between  tissue  water 
and  thermal  properties  which  allowed  for  a  thermal  properties  profile  to  be  developed  and  modified  as  the 
tissue  water  was  boiled  off.  The  resulting  outputs  of  our  model,  BPNSIM,  which  can  be  seen  in  Figures 
13  and  14,  not  only  fit  porcine  or  pig  data  quite  well  but  also  fit  human  data  of  the  small  signal  variety 
derived  from  Stoll’s  experiments.- 


FIGURE  13.  Model  Output  Simulating 
Porcine  Burn  Data. 
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FIGURE  14.  Model  Output  Simulating 
Stoll's  Kuraan  Data. 
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We  now  have  a  model  which  predicts  burns  quite  accurately  from  very  mild  to  full  thickness  and  in 
doing  so  takes  into  account  blistering,  flow  of  heat  through  the  skin  into  a  deep  core  reservoir,  thermal 
properties  of  the  skin  and  changes  to  those  thermal  properties,  and  in  a  ve»y  rough  sense  circulatory 
changes  in  the  skin.  It  is  beginning  to  be  possible  to  relate  burn  depth  to  clinical  prognosis.  As  that 
relationship  firms  up  and  as  the  model  just  described  is  perfected,  it  should  ultimately  be  possible  to 
make  a  reasonable  prediction  regarding  survival  wearing  a  given  ensemble  in  at  least  a  standardized  fi*-e. 

Let  us  now  turn  our  attention  to  the  protective  performance  of  selected  fabrics  and  ensembles  as 
assessed  using  the  aforementioned  techniques. 
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PROTECTIVE  PERFORMANCE  OF  SELECTED  FABRICS  AND  ENSEMBLES 
Underwear 


The  first  consideration  is  the  use  of  long  underwear  under  an  outer  shell  garment.  Some  years  ago 
we  were  asked  to  assess  the  feasibility  of  using  Nomex®  underwear  ("long  john"  underwear)  under  flight 
suits  as  an  extra  protective  layer.  We  ran  parallel  samples  of  outer  shell  fabric  with  and  without 
underwear  using  our  bioassay  technique.  As  a  control  we  selected  standard  50  percent  cotton,  50  percent 
wool  "long  john"  underwear.  Much  to  our  surprise  and  certainly  to  the  Nomex®  fabric  developer's  surprise, 
the  50  percent  cotton,  50  percent  wool  underwear  performed  as  good  or  better  than  the  Nome>f'^  underwear 
up  to  seven  seconds  of  exposure.  There  was  considerable  cost  savings  in  continuing  to  use  the  50  percent 
cotton,  50  percent  wool  underwear.  Out  of  these  early  studies  and  observations,  we  not  only  developed 
the  bioassay  technique,  but  we  began  to  realize  what  Stoll  had  realized  some  years  ago;  namely,  that 
layering  was  extremely  important  in  providing  thermal  protection  and  that  any  extra  layer  goes  a  long  way 
toward  providing  much  needed  additional  thermal  protection.  The  exact  relationship  depends  on  the  fabrics 
involved,  but  it  is  safe  to  say,  we  think,  that  one  additional  layer  is  more  chan  twice  as  good  in  pro¬ 
tecting  the  wearer  from  the  effects  of  the  fire.  It  was  also  clear  that  there  is  an  interaction  between 
the  fabric  layers  depending  on  the  spacing  between  the  layers.  If  an  outer  fabric  is  touching  a  layer, 
the  underlayer  tends  to  protect  the  outer  fabric  by  pulling  heat  away  from  the  fabric  itself.  On  the 
other  hand,  if  there  is  a  space  there  tends  to  be  less  thermal  transfer  through  the  total  system,  but 
the  outer  fabric  tends  to  degrade  more  rapidly..  If  the  space  ■'s  too  large,  the  insulating  effect  and  the 
ability  of  the  outer  layer  to  maintain  its  integrity  are  both  lost. 

Field  Observations 


Simultaneously  and  concurrent  with  the  laboratory  studies  on  underwear  and  layering  phenomena  in  re¬ 
ducing  burns,  the  Aeromedical  Research  Laboratory  at  Fort  Rucker,  Alabama,  was  evaluating  the  relation¬ 
ships  between  actual  human  burns  and  the  fire  protective  garments,  boots,  gloves,  and  helmets  being  worn. 
Noteworthy  findings  included  several  accidents  where  an  individual  was  exposed  to  a  significant  thermal 
threat  either  in  the  form  of  an  in-flight  fire  or  a  postcrash  fireball  and  where  the  thermal  protective 
flight  suit  was  not  significantly  damaged  and  yet  the  person  died  of  burns.  On  clo»er  examination  it  was 
obvious  that  certain  design  deficiencies  occurred  in  the  early  fabrics  used  for  thermal  protective  flight 
suits.  If  a  torn  garment  is  repaired  with  cotton  thread  instead  of  a  thread  made  from  the  same  material 
used  in  the  basic  fabric,  the  thread  will  burn  when  exposed  to  fire.  As  the  fabric  shrinks  it  will  split 
open  exposing  skin.  We  also  found  that  improper  sizing  of  the  garment  contributed  to  injury.  If  the 
wearer  had  become  overweight  since  the  garment  was  fitted  or  if  the  garment  were  too  small  in  the  first 
place  and  then  exposed  to  fire,  the  normal  shrinking  process  would  bring  the  hot  and  charred  garment  in 
direct  contact  with  the  skin  resulting  in  direct  conductive  transfer  of  heat..  The  uniform  was  prone  to 
split  as  further  shrinking  occurred.  The  shrinkage  problem  in  loose  fitting  garments  had  its  advantages 
in  that  as  it  folded,  the  relatively  open  weave  of  twill  or  knit  fabrics  would  close  offering  a  better 
ablative  shield.  Our  laboratory  studies  and  field  accident  experience  demonstrated  the  clear  advisability 
of  maintaining  at  least  a  quarter  of  an  inch  air  layer  between  the  fabric  and  skin,. 

In  the  early  years  of  thermal  protective  fabrics,  the  uniforms  were  often  made  in  two  pieces.  If  the 
shirttail  were  too  short  or  if  during  the  flight  the  shirttail  worked  its  way  out  of  the  pants  and  the 
individual  was  exposed  to  a  postcrash  fire,  there  was  an  increased  potential  for  serious  burns  on  the 
torso,  neck,  and  face.  As  the  shirt  would  come  out  of  the  pants,  an  effective  chimney  would  be  formed 
causing  large  convective  currents  to  flow  under  the  shirt  to  exit  through  the  neck  opening.  These  hot 
gases  would  then  flow  into  the  open  areas  of  the  helmet  causing  severe  burns  on  areas  of  the  head  normally 
shadowed  by  the  helmet  from  radiant  heat  sources.  Improper  use  of  gloves  and  boots  was  also  found  to 
contribute  to  poor  survivability.  Leather  is  without  question  one  of  the  best  thermal  protective  fabrics 
known,  even  with  its  considerable  shrinkage  problem.  The  use  of  heavy  leather  boots  as  contrasted  to 
boot<-  with  light  nylon  or  nylon- like  inserts  is  to  be  recommended.  Hand  burns  are  extremely  difficult  to 
treac  and  have  a  prolonged  recovery  time.  It  is  not  uncotimon  to  lose  considerable  function  and  dexterity 
of  the  hands  after  the  burn.  The  use  of  leather  and  leather  Nome)^  gloves  that  are  long  enough  to  cover 
the  sleeves  is  warranted.  Thermally  protective  fabrics,  because  they  are  synthetic  polymers,  tend  to  be 
cooler  in  cold  weather  and  hotter  in  hoc  weather  than  wool  or  cotton.  While  flying  in  cold  climates, 
people  will  often  choose  underwear  that  has  extra  insulative  values  such  as  quilted  Dacron  or  other 
synthetic  man-made  fibers.  These  types  of  underwear  and  the  basic  materials  from  which  they  are  made 
have  very  low  melting  points.  Postcrash  heat  transfer  through  a  thermally  protective  garment  can  melt 
the  underwear  without  igniting  it,  causing  fatal  burns  with  essentially  no  destruction  of  the  outer 
garment. 

Fabric  Comparisons 

The  polymer  industry  has  discovered  a  whole  series  of  new  molecules  which  are  formed  into  fibers 
and  later  woven  into  fabrics  that  offer  thermal  protection.  They  include,  but  are  not  limited  to, 
aramids,  mylar  plastics  that  are  gold  plated  to  reflect  heat,  various  designs  of  glass  fabrics,  asbestos, 
heat  stabilized  nylon,  spun  bakelite,  treated  wools  and  cottons,  polybenziraidazole,  and  fabrics  made  up 
of  a  combination  of  any  one  of  these  plus  metallic  threads.  But,  as  we  have  stated  earlier,  the  final 
decision  regarding  a  fabric  for  use  in  an  ensemble  is  at  best  a  compromise.  For  example,  glass  fabrics 
have  a  high  degree  of  thermal  resistance  but  are  of  limited  durability  and  dye  poorly.  Polybenzimidazole 
is  available  only  in  limited  supply  and  is  very  expensive,  while  the  coitmon  and  less  expensive  aramid 
fibers  offer  some  recognized  comfort  problems  and  less  thermal  resistance. 

What  we  present  now  is  a  comparison  study  of  four  compromise  synthetic  materials  in  varying  fabric 
configurations  and  standard  cotton  undershirt  material. 

As  can  be  seen  in  Table  VII,  these  four  fabrics  had  somewhat  varying  textile  properties.  As  can  be 
seen  in  Table  VIII,  the  ‘"abrics  singly  or  in  combination  with  normal  cotton  underwear  provided  various 
lev’is  of  protection  with  the  more  stable  polymers  combined  with  underwear  providing  the  most  protection. 
These  fabrics  were  assessed  using  the  bioassay  technique.  As  can  be  seen  by  Figure  15,  various  levels  of 
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burns  were  experienced.  These  same  four  fabrics  were  also  e/aluated  using  thermal  sensors  so  that  these 
data  could  be  used  to  fine  tune  the  aforementioned  model,  BRNSIM.  The  correlation  between  the  output  of 
BRNSIM  and  the  observed  burns  using  the  same  fabrics  discussed  above  is  found  in  Table  IX.  As  you  can 
see,  there  ic  a  very  good  correlation  between  the  observed  and  predicted  burns  over  a  wide  range  of  very 
shallow  to  very  deep  burns.  We  also  learned  during  these  studies  that  the  fiber  and  dye  degradation 
products  (FDP)  which  off  gas  as  the  fabric  is  heated  condense  on  the  surface  of  the  skin  but  usually  wash 
off  with  very  little  effort.  Such  deposits  can  be  seen  in  Figures  16  and  17.  Our  very  preliminary  study 
of  these  fire  degradation  products  showed  that  they  do  not  interfere  with  wound  healing  nor  will  they 
appreciably  alter  the  degree  of  burn  which  one  sees.  The  FDP  are  apparently  trapped  on  the  surface  of 
the  skin  and  do  not  penetrate  significantly. 


TABLE  VII 

FABRIC  CHARACTERISTICS 


Fabric 

Weave 

Weight* 

(oz/yd2) 

Thickness** 

(inches) 

Air  Permeability*** 
(ft^/ft^/min.) 

Nomev  Aramicf® 

Twill 

4.8 

.016 

181.5 

Polybenzimidazole 

Twill 

4.5 

.014 

171.0 

Experimental  High  Temperature 
Polymer  (HT4) 

Plain 

4.8 

.010 

12.8 

New  Wct''rj  Nomex  Arami<^ 

Plain 

4.6 

.008 

28.1 

T-Shirt 

Jersey  Knit 

4.8 

.023 

152.5 

*ASTM  Methods  D1910-64,  D231-62. 
**ASTM  Method  D1777-64. 

***ASTM  Method  D737-46. 


TABLE  VIII 

MICRO-GRADE  DEFINITIONS 


Grade 


Definition 


0  No  thermal  damage 

1  Cell  damage  without  acidophil  ism 

2  Epidermal  acidophilism  (partial) 

3  Epidermal  acidophilism  (complete) 

4  Dermal -epidermal  separation  (partial) 

5  Dermal -epidermal  separation  (complete) 

6  Dermal  superficial  <500u 

7  Dermal  mid  500-1000g 

8  Dermal  deep  1000-1500g 

9  Dermal  complete  1500-dermal/adipose  border 

10  Adipose 


TABLE  IX 

CORRELATION  BETWEEN  BRNSIM  PREDICTIONS  AND  OBSERVED  BURNS 


Test  No. 

To 

Exposure 

TimeU) 

Fabric 

Tq+  Obs. 

Normalized 

(gm) 

Corrected 

Model 

II 

Calc,  (gm) 
Model* 

IIlA 

Model** 

Illg 

Sim  21208 

31.8 

2.971.02 

NWN 

129 

147 

<222 

99 

252 

Sim  21213 

32.2 

2.971.02 

AFN 

237 

296 

222-444 

0 

87 

Sira  31208 

31.8 

2.971.02 

PBI 

152 

201 

565 

54 

143 

Sim  31213 

32.2 

2.971.02 

HT4 

62 

59 

563 

49 

141 

212,36,11 

29.811.2 

4.971.02 

AFN 

9681508 

12001529 

9731541(3) 

689181 

1031192 

28,33,39 

31.310.8 

4.971.02 

PBI 

7661361 

9431453 

7571194(3) 

7611190 

10491196 

23,27,29,211,310 

30.011.8 

4.971.02 

HT4 

8471633 

9451650 

6261144(5) 

5611239 

8841295 

26,210,37,38,312 

29.711.7 

4.971.02 

NWN 

8661500 

10431549 

756147(5) 

799141 

1131136 

+  Tq  =  Threshold  Depth  -  mean  ±  1  S.D.  (N) 

*  Heat  Flux,  Q,  =  Q  absorbed  by  sensor  with  skin  absorptivity  =  .60 
**  Heat  Flux,  Q,  =  Q  incident  to  sensory  with  skin  absorptivity  =  .64 


FIGURE  15.  Mean  Depth  of  Burn  in 
Microns  for  Each  Fabric/Configuration. 
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FIGURE  16.  Visible  FOP  is  deposited 
on  the  steam  bleb  and  not  on  the 
underlying  burned  dermis. 


FIGURE  17.  Photomicrograph  (X50)  of 
FDP  as  it  appeared  on  an  unstained 
frozen  section.  The  separation  is 
artifact.  Arrow  1  points  to  the  dye 
layer,  and  arrow  2  points  to  the 
epithelial  layer. 


2-19 


CONCLUSIONS 


We  think  several  things  can  be  concluded  from  what  we  have  been  able  to  present  today.  First,  air¬ 
craft  fire  poses  a  major  threat  to  human  survival.  The  threat  comes  in  the  form  of  smoke,  toxic  gases, 
and  the  fire  itself.  The  materials  used  on  board  modern  aircraft  tend  to  produce  very  toxic  compounds 
when  heated  to  ignition  or  just  short  of  ignition.  The  quality  of  the  smoke  in  such  fires  is  such  to 
prevent  efficient  escape  from  the  aircraft  and  would  be  toxic  to  those  who  remain  behind.  Aircraft  fires 
are  sufficiently  hot  and  of  sufficient  magnituue  as  to  cause  catastrophic  burns.  In  light  rotary-wing 
aircraft,  for  example,  escape  must  be  effected  within  the  first  few  seconds  after  ignition  of  a  fire  in 
order  to  result  in  any  chance  of  survival.  The  worst  credible  but  sut  ivable  environment  in  a  helicopter 
fire  is  about  2100  degrees  Fahrenheit  or  four  calories  per  square  centimeter  per  second.  These  fires 
typically  build  up  to  full  magnitude  within  the  first  20  seconds  and  last  for  many  tens  of  seconds  beyond 
that  time,  depending  on  the  quantity  of  fuel  available.-  The  build-up  would  be  considerably  faster  in 
cases  where  there  is  misting  of  fuel  creating  an  explosive  atmosphere.  The  introduction  of  crashworthy 
fuel  systems  and  crashworthy  design  features  in  aircraft  such  as  the  Sikorsky  UH-60  Blackhawk  and  good 
thermal  protective  equipment  has  resulted  in  a  marked  reduction  in  the  death  and  injury  due  to  aircraft 
fires.  Many  of  our  civil  aircraft  do  not  have  such  crashworthy  fuel  systems.  Short  of  preventing  the 
fire,  the  next  preventive  measure  is  to  provide  the  passengers  and  aircrew  with  protective  ensembles 
which  would  allow  them  to  escape  through  the  fire  without  undue  thermal  injury.  We  have  considered  che 
factors  which  must  be  taken  into  account  in  the  design  of  such  protective  ensembles,  and  we  have  focused 
on  the  measurement  of  fabric  flammability  and,  to  an  even  greater  extent,  on  the  measurement  of  thermal 
transfer  through  the  fabric  ensemble  to  the  skin  and  the  resulting  tissue  damage.  Over  the  years  it 
has  been  possible  to  move  from  very  simplistic  measures  of  thermal  transfer  to  a  computer  model  which  now 
will  take  heat  flux  as  a  function  of  time  and  convert  that  to  a  predicted  burn  depth.-  Predicted  burn 
depth  when  combined  with  new  epidemiological  data  concerning  morbidity  and  mortality  give  us  some  as  yet 
imperfect  measures  of  survivability.  We  now  have  the  test  methods  available  to  rapidly  screen  fabrics 
and  combinations  of  fabrics  in  ensemble  form  to  reach  the  goal  of  providing  adequate  thermal  protection 
for  aircrew  and  passengers.  As  always,  the  important  thing  to  be  emphasized  is  prevention.  The  best 
course  is  to  prevent  the  fire,  and  if  the  fire  cannot  be  prevented,  then  to  prevent  the  burn.  The  burn 
injury  is  perhaps  the  most  devastating  injury  that  can  be  sustained  by  the  human  body.  Its  treatment  is 
the  most  costly;  its  recuperation,  the  most  prolonged;  and  the  agony,  the  most  profound.  Great  strides 
have  been  made  in  recent  years  in  the  treatment  of  burn  injuries,  both  the  physical  treatment  and  the 
psychological  treatment  of  the  victims  and  their  relatives.  We  can  save  lives  of  many  who  would  have 
been  lost  five  or  ten  years  ago.  But  even  these  successes  would  pale  in  insignificance  if  we  could 
prevent  the  injury  itself. 
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SUMMARY 

The  properties  of  current  aviation  turbine  fuels  with  respect  to  aircraft  fire  safety  are  described. 
Current  projections  of  the  availability  of  petroleum  crudes  indicate  that  specifications  for  aviation 
turbine  fuels  may  have  to  be  modified  in  order  to  use  fuels  produced  from  shale  oil,  heavy  oils  and  coal. 
Projections  of  the  chemical  and  physical  properties  of  future  aviation  fuels  produced  from  these  alterna¬ 
tive  sources  are  discussed  and  compared  with  present  fuels.  Progress  on  programs  to  develop  fire  safe 
fuels  through  the  use  of  antimisting  additives  is  also  described. 


INTRODUCTION 

Fire  and  explosion  have  been  a  continuing  threat  to  aircraft,  crew  and  passenger  survivability.  Al¬ 
though  a  variety  of  fire  hazards  are  present  on  aircraft  -  materials,  hydraulic  fluids,  and  lubricating 
oils  -  the  major  threat  is  associated  with  the  hydrocarbon  fuel  in  view  of  its  large  quantity  and  dis¬ 
persed  storage.  During  the  past  20  years,  considerable  effort  has  been  devoted  to  determine  the  relative 
safety  advantages  of  different  types  of  aviation  turbine  fuels  through  both  laboratory  tests  and  large- 
scale  aircraft  simulation  tests. 

Currently,  aviation  consumes  a  relatively  small  proportion  of  the  total  energy  used  in  transportation 
and  of  the  total  petroleum  products.  For  example,  aviation  turbine  fuels  account  for  about  four  percent 
of  the  petroleum  barrel  in  Europe  and  about  seven  percent  in  the  United  States.  Potentially,  at  least 
12  percent  of  the  barrel  can  he  made  into  specification  jet  fuels  by  conventional  refining  processes.  In 
the  U.S.,  demand  for  transportation  fuels  has  dropped  in  the  past  two  years  and  this  trend  is  expected  to 
continue  through  the  1980's.  The  demand  for  aviation  turbine  fuels  is  expected  to  increase  at  about  1.7 
percent  annually.  Most  current  fuel  supply-demand  forecasts  Indicate  there  should  he  sufficient  liquid 
hydrocarbons  available  through  the  year  2000,  unless  military  or  political  crises  occur. 

Since  1974,  the  cost  and  availability  of  aviation  turbine  fuels,  as  well  as  other  fuels  have  orasti- 
cally  changed.  In  the  case  of  jet  fuels,  costs  have  Increased  by  a  factor  of  ten  for  both  commercial  and 
military  consumers.  During  certain  periods,  fuel  shortages  have  occurred  even  though  conservation  mea¬ 
sures  have  been  accomplished  and  fuel  demands  have  been  reduced  from  1973  consumption  levels.  These 
developments  have  encouraged  research  and  development  programs  to  determine  the  feasibility  of  producing 
jet  fuels  from  other  sources,  such  as  coal,  oil  sha^e  and  tar  sands. 

Many  nations  are  currently  conducting  research  and  development  in  at  least  one  of  these  alternative 
areas.  The  U.S.  has  evaluated  coal,  oil  shale  and  tar  sands,  Canada  has  concentrated  on  tar  sands,  and 
Germany,  France  and  the  United  Kingdom  have  primarily  considered  coal.  Throughout  the  1980's,  develop¬ 
ment  of  these  technologies  will  expand,  and  by  the  1990's,  many  countries  will  have  in  operation  signifi¬ 
cant  numbers  of  plants  for  the  production  of  liquid  and  gaseous  fuels  from  coal,  oil  shale,  tar  sands, 
peat  and  biomass. 

The  purpose  of  this  technical  paper  is  to  discuss  the  flammability  properties  and  relative  safety  of 
present  aviation  turbine  fuels  and  the  projected  properties  of  future  fuels  produced  from  oil  shale,  coal 
and  tar  sands,  as  well  as  antimisting  aviation  turbine  fuel,  liquid  hydrogen  and  liquid  methane. 


CURRENT  JET  FUELS  AND  FUEL  PROPERTIES 
Military  Fuels 

The  history  of  aviation  turbine  fuels  dates  back  to  1944  with  the  introduction  of  JP-1  as  a  military 
fuel.  This  -58°C  freeze  point  fuel,  having  a  149°C  to  260°C  boiling  range,  could  not  be  produced  in  suf¬ 
ficient  quantities  to  meet  military  requirements.  In  an  effort  to  Increase  availability,  a  wider  cut  fuel, 
JP-2  was  authorized  in  1945.  JP-2  was  used  only  for  experimental  purposes  as  viscosity  restrictions  lim¬ 
ited  its  production.  The  availability  problems  posed  by  JP-’  and  JP-2  resulted  in  the  adoption  of  JP-3  in 
1947.  JP-3  was  produced  by  blending  gasoline  with  kerosene.  Although  this  fuel  was  readily  available, 
the  relatively  high  Reid  vapor  pressure  of  7  psi  caused  excessive  losses  in  the  order  of  20  percent  by 
venting  of  liquid  and  vapors  in  high  rate  of  climb  aircraft  and  at  high  altitudes.  For  these  reasons  a 
specification  for  dP-4,  which  essentially  is  a  low  vapor  pressure  JP-3,  was  issued  in  1951  and  at  present 
is  the  standard  military  aviation  turbine  fuel  for  most  of  the  NATO  countries.  The  specification  for 
JP-4  (NATO  Code  F-40)  was  defined  at  a  time  when  this  product  was  both  Inexpensive  and  plentiful.  While 
there  have  been  refinements  to  the  fuel  specification  to  keeo  pace  with  engine  developments,  JP-4  has 
basically  maintained  the  critical  properties  first  specified  to  Insure  availability  and  to  fulfill  air¬ 
craft  operational  performance  requirements. 

JP-4  is  a  wide-cut  mixture  of  heavy  naphtha  and  kerosene  with  an  average  boiling  range  from  61°C  to 
239°C.  It  possesses  a  maximum  freeze  point  of  -58°C  and  a  Reid  vapor  pressure  of  2  to  3  psi  at  38°C. 
Related  to  the  volatility  is  an  expected  low  flash  point  of  approximately  -29°C  and  an  explosive  range 
from  approximately  -29°C  to  +2rC  under  equilibrium  conditions. 


3-2 


The  need  for  a  less  fire-hazardous  fuel  aboard  aircraft  carriers  was  responsible  for  the  adoption  of 
JP-5  (NATO  Code  F-44)  by  the  U.S.  Navy  in  1952.  It  is  considered  the  standard  aviation  turbine  fuel 
aboard  aircraft  carriers  within  NATO.  Properties  of  JP-5  affecting  ignitability  are  a  boiling  range  of 
182°C  to  25G°C,  a  maxiHum  freeze  point  of  -46°C  and  a  flash  point  of  60°C  minimum.  The  narrow  boiling 
range  of  JP-5,  combined  with  the  60°C  flash  point  requirement  and  -46°C  maximum  freeze  point,  are  severe 
limitations  in  the  production  capability  of  this  fuel. 

Efforts  to  evaluate  the  use  of  a  safer  fuel  than  JP-4  for  combat  operations,  as  well  as  ground  han¬ 
dling,  were  intensified  in  the  U.S.  starting  in  1967.  Combat  losses  directly  related  to  fuel  fires  or 
explosions  during  the  Southeast  Asia  conflict  supported  the  basis  for  evaluation  of  a  more  combat-safe 
fuel.  JP-8  (NATO  Code  F-34),  which  is  essentially  commercial  Jet  A-1  with  fuel  system  icing  inhibitor 
and  corrosion  inhibitor  added,  was  selected  for  extensive  testing  in  1967.  Initially  considered  as  a  pos¬ 
sible  replacement  fuel  for  JP-4  in  Southeast  Asia,  its  expanded  use  for  military  application  worldwide  has 
been  oroposed.  Significant  and  favorable  volatility  properties  of  JP-8  are  a  vapor  pressure  of  0.10  psi 
at  38°C  and  a  minimum  flash  point  of  38°C  which  normally  exceeds  ground  handling  temperatures.  Several 
countries  throughout  the  i  arid  use  JP-8  (NATO  F-34)  as  the  standard  military  fuel  instead  of  JP-4  (NATO 
F-40).  These  include  France,  Portugal,  United  tcingdom,  Australia  and  New  Zealand. 

In  the  mid  1970's,  efforts  were  started  and  are  continuing  to  make  JP-8  the  standard  fuel  of  the  NATO 
air  forces  in  Europe.  As  a  service  test,  U.S.  Air  Force  bases  in  the  United  Kingdom  completed  conversion 
to  JP-8  in  August  1979;  U.S.  Air  Force  operating  units  have  reported  no  adverse  impact  on  aircraft  from 
continuous  use  of  JP-8.  Conversion  from  JP-4  to  JP-8  in  NATO  Europe  has  been  delayed  due  to  concern  of 
some  nations  over  the  higher  cost  and  availability  of  JP-8  as  compared  to  JP-4.  At  present,  JP-8  is  some¬ 
what  more  expensive  than  JP-4.  A  recently  completed  NATO  International  Staff  study  concluded  that  avail¬ 
ability  should  be  no  problem  if  the  petroleum  industry  is  given  two  years  advance  notice  of  the  planned 

conversion  date.  The  study  was  not  able  to  resolve  the  cost  issue,  but  has  recommended  that  NATO  set  a 

conversion  start  date  of  January  1985.  Formal  national  positions  on  this  recommendation  are  due  to  NATO 
in  early  1982. 

Commercial  Fuels 

In  1951  the  American  Society  for  Testing  and  i^aterials  (ASTM)  formulated  commercial  jet  fuel  specifi¬ 
cation,  ASTM  0-1655.  The  requirements  for  Jet  A  and  Jet  B  were  specified  at  that  time.  Host  of  the  com¬ 
mercial  airlines  used  Jet  8  in  the  early  days  of  the  jet  aircraft,  but  changed  to  the  kerosene-types 
(Jet  A  and  Jet  A-1)  over  the  years  to  enhance  ground  and  flight  safety.  A  few  airlines  continue  to  use 
Jet  B  because  of  availability  problems  producing  Jet  A-1,  but  the  majority  of  commercial  aviation  carriers 
use  Jet  A-1 ,  with  the  exception  of  the  United  States,  who  uses  Jet  A. 

Properties  of  Jet  A  include  a  38°C  minimum  flash  point  requirement  and  a  freezing  point  of  -40°C. 

Jet  A-1,  having  identical  properties  to  Jet  A,  except  for  a  -50°C  freezing  point  requirement,  was  added 
to  the  commercial  specification  in  1959  for  use  in  long-range,  high-altitude  aircraft  operations.  In 
order  to  increase  the  availability  of  Jet  A-1  worldwide,  both  the  ASTM  specification  and  the  lATA  (Inter¬ 
national  Air  Transport  Association)  Guidance  Specification  were  changed  in  1981  to  permit  a  maximum 
freezing  point. 


FLAMMABILITY  AND  IGNITION  PROPERTIES  OF  JET  FUELS 

Numerous  technical  papers  and  reports  exist  on  the  fire  properties  of  jet  fuels  and  the  safety  advan¬ 
tages  of  kerosene  versus  wide-cut  fuels  (1-6).  Typical  flammability  and  ignition  properties  of  current 
aviation  turbine  fuels  are  summarized  in  Tables  I  and  II. 

The  three  main  volatility  characteristics  relating  to  flammability  are  vapor  pressure,  distillation 
and  flash  point.  Volatility  is  the  tendency  of  a  fuel  to  change  from  liquid  to  vapor  and  is  the  major 
property  that  affects  its  ability  to  vaporize  and  form  a  combustible  mixture  with  air.  Volatility  not 
only  affects  the  flarmiablllty  hazards  of  the  fuel,  but  is  extremely  important  to  the  engine  and  fuel  sys¬ 
tem  designer  since  it  affects  vapor  and  entrainnient  losses,  fuel  pumpability  characteristics  and  engine 
starting  characteristics. 

Fuel  volatility  is  controlled  in  fuel  specifications  through  vapor  pressure  in  the  case  of  JP-4  and 
Jet  B,  distillation  in  all  fuels,  and  flash  point  in  all  fuels  except  JP-4  and  Jet  B.  As  shown  in  Table  1, 
the  wide-cut  fuels,  JP-4  and  Jet  B,  are  much  more  volatile  than  the  kerosene-type  fuels;  JP-4  and  Jet  B 
have  much  lower  initial  b''i11ng  points  and  flash  points,  and  higher  vapor  pressures. 

Vapor  pressure  is  deflnsd  as  the  pressure  exerted  by  the  fuel's  vapors  in  equilibrium  with  the  liquid 
at  a  specific  temperature  with  the  absence  of  air  in  or  over  the  fuel.  For  a  pure  hydrocarbon  the  vapor 
pressure  is  djpendent  only  on  temperature,  increasing  with  increased  temperature.  For  hydrocarbon  fuels, 
which  contain  several  hundred  hydrocarbons  with  different  boiling  points,  the  vapor  pressure  will  depend 
on  the  relative  concentrations  of  these  hydrocarbons  and  on  the  V/l.  ratio  (ratio  of  the  volume  of  vapor 
in  equilibrium  with  a  unit  volume  of  liquid  fuel). 

The  initial  boiling  point  and  lower  boiling  fractions  of  a  fuel  are  closely  related  to  both  vapor 
pressure  and  flash  point.  As  shown  in  Figure  1,  the  distillation  curve  of  wide-cut  fuels,  JP-4  and  Jet  B, 
Includes  both  aviation  gasoline  and  kerosene  fractions. 

The  flash  point  of  a  fuel  is  the  minimum  temperature  at  which  its  vapor  pressure  is  sufficient  to  form 
a  flammable  vapor/air  mixture  at  atmospheric  pressure.  The  measured  flash  point  closely  parallels  the 
lower  limit  of  flammability  below  which  vapor/air  mixtures  are  too  weak  for  combustion.  Wide-cut  aviation 
turbine  fuel  specifications  do  not  Include  a  flash  point  requirement,  since  values  are  normally  below 
-20°C. 
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Other  typical  flaitimabil ity  and  ignition  properties  of  current  aviation  turbine  fuels  are  summarized 
in  Table  II.  With  the  exception  of  heat  of  combustion,  these  additional  properties  are  not  specification 
requirements,  but  are  Important  fire  properties  of  the  fuels. 

The  net  heat  of  combustion  of  a  fuel  is  the  heat  released  in  burning  a  unit  weight  of  fuel  with  the 
resulting  products  of  combustion  being  carbon  dioxide  and  water  in  the  gaseous  phase.  The  net  heat  of 
combustion  per  unit  weight  is  an  important  factor  in  aircraft  performance.  The  net  heat  of  combustion  , 
per  unit  weight  of  all  aviation  turbine  fuels  is  very  similar,  decreasing  slightly  with  increasing  density. 
In  contrast,  the  heat  of  combustion  per  unit  volume  increases  with  increasing  density  of  the  fuel.  In¬ 
creased  volumetric  heat  contents  relate  to  increased  aircraft  and  missile  ranges. 

Flammability  limits  are  related  to  the  volatility  characteristics  of  fuels  and  are  defined  as  maximum 
and  minimum  combustible  gas  in  air  concentrations  which  are  capable  of  propagating  flame.  The  lower 
(lean)  limit  is  the  point  of  fuel  deficiency  while  the  upper  (rich)  limit  is  the  point  of  oxidizer  defi¬ 
ciency  to  sustain  combustion.  These  limits  are  dependent  upon  temperature  and  pressure.  The  flammability 
range  is  defined  as  a  scale  of  mixture  ratios  between  the  upper  and  lower  flammability  limits.  Curves  of 
the  upper  and  lower  flammability  limits  for  various  aviation  turbine  fuels  under  equilibrium  conditions 
are  presented  in  Figure  2.  The  actual  flammability  limits  which  may  exist  under  dynamic  conditions  will 
be  significantly  different  due  to  the  Formation  of  sprays  and  mists  during  refueling  and  flight  operations. 
Figure  3  depicts  the  change  of  the  equilibrium  limits  due  to  these  dynamic  conditions.  The  mists  can 
cause  a  significant  expansion  of  the  temperature  at  the  lean  limit  only.  The  rich  limits  are  not  affected 
since  dynamic  situations  only  add  fuel  vapors  or  mists  to  a  rich  condition. 

The  minimum  energy  required  for  the  ignition  of  fuels  under  ideal  conditions  is  0.2  millijoules.  The 
minimum  energy  requirements  for  all  aviation  turbine  fuels  are  the  same.  As  conditions  depart  from  ideal, 
such  as  the  t  tion  of  fuel  mists,  sprays  and  foams,  the  ignition  energy  requirements  Increase.  The 
minimum  ignition  energy  for  sprays  of  aircraft  fuels  are  shown  in  Figure  4.  It  is  shown  that  the  ignition 
energy  required  to  ignite  a  wide-cut  fuel  at  0°C  is  about  6  millijoules  as  compared  to  about  ^0-50  milli¬ 
joules  for  kerosene  fuels.  The  extra  energy  required  for  kerosene  mists  or  sprays  is  due  to  the  need  to 
provide  energy  for  vaporization  of  the  liquid  droplets.- 

The  autoignition  temperature  of  a.  fuel  is  defined  as  that  temperature  at  which  a  fuel  will  Ignite 
when  vaporized  on  a  hot  surface  at  atmospheric  pressure  even  though  an  external  source  of  ignition  is  not 
present.  The  minimum  autoignition  temperature  of  all  aviation  turbine  fuels  is  very  similar.  In  contrast, 
the  autoignition  temperature  of  aviation  gasoline  is  about  200°C  higher  than  the  wide-cut  or  kerosene 
fuels. 

As  shown  in  Figure  5,  the  flame  spread  across  the  liquid  surface  of  a  wide-cut  fuel  at  temperatures 
above  -18°C  are  much  more  rapid  than  across  kerosene.  For  example,  at  27°C  the  flame  spread  rate  of 
wide-cut  fuel  is  about  225  m/min  as  compared  to  about  7. 5  m/min  for  kerosene  fuels.. 


FUTURE  FUELS 

During  the  past  few  year's  several  reports  and  journal  articles  have  been  written  regarding  projected 
properties  of  future  aviation  turbine  fuels  and  their  impact  on  cost,  availability,  aircraft  engines  and 
fuel  systems  (9-12).  Projected  changes  in  petroleum-derived  fuels,  projected  properties  of  jet  fuels  de¬ 
rived  from  shale  oil,  coal  and  tar  sands,  development  of  antimisting  kerosene,  and  nonhydrocarbon  fuels 
will  be  discussed  in  this  section. 

Projected  Changes  In  Aviation  Turbine  Fuel  Properties 

Concern  for  price,  availability  and  safety  of  aviation  turbine  fuels  and  the  introduction  of  lower 
grade,  heavier  crudes  have  resulted  in  both  the  U.S.  military  and  NASA  conducting  programs  to  determine 
the  feasibility  of  using  broadened-specification  fuels  in  both  current  and  future  aircraft  engines  and 
fuel  systems,  and  to  identify  alternate  fuels,  such  as  shale-derived  fuels  that  can  be  used  in  existing 
equipment.  For  current  aircraft,  it  is  important  to  establish  the  degree  to  which  fuel  properties  may  be 
varied  without  resorting  to  costly  equipment  modifications  or  having  to  accept  significant  reductions  in 
service  life  and  safety  or  Increases  in  fuel  consumption.  These  programs  have  involved,  and  will  continue 
to  involve,  extensive  research  and  development  in  the  areas  of  fuel  analysis,  combustion  effects,  fuel 
system  effects  and  overall  fuel  prcperty/aircraft  system  trade-off  studies.  These  programs  have  included 
a  full  range  of  component  testing  and  full-scale  engine  evaluations  (13-20)  and  will  be  followed  by  flight 
tests  and  finally,  operational  validation  at  various  locations. 

The  properties  of  jet  fuels  with  the  greatest  impact  on  availability  and  price  are  flash  point,  vapor 
pressure,  freezing  point  and  final  boiling  point.  For  example,  a  study  conducted  by  Bonner  and  t^oore 
Associates  under  a  U.S.  Air  Force  contract  (21)  indicated  that  for  kerosene-type  fuels.  Increases  of  20 
percent  could  be  realized  by  relaxing  freezing  point  and  final  boiling  point,  and  Increases  of  about  28 
percent  could  be  realized  by  relaxing  aromatics,  smoke  point,  freezing  point  and  final  boiling  point  to¬ 
gether.  For  naphtha-type  jet  fuels  (JP-4/Jet  B),  an  increase  of  24  percent  could  be  achieved  by  increas¬ 
ing  freezing  point  and  final  boiling  point. 

It  should  be  noted  that  relaxing  jet  fuel  specifications  may  not  necessarily  inuiease  availability  of 
jet  fuels,  as  other  fuels  in  that  boiling  range  would  be  competing  in  the  market  place.  For  example,  in¬ 
creasing  the  final  boiling  point  of  the  kerosene-type  fuels.  Jet  A/Jet  A-1/JP-8/0P-5,  would  decrease  the 
availability  of  diesel  fuels  and  heating  oils,  as  shown  in  Figure  6.  The  boiling  range  of  JP-4/Jet  B 
falls  within  that  of  both  gasoline  and  the  middle  distillates,  and  thus,  widening  of  the  boiling  range 
would  impact  availability  of  both  gasoline  and  all  the  other  middle  distillate  fuels.  Note  that  JP-4  is 
largely  blended  from  gasoline  fractions  and  kerosene,  while  the  other  jet  fuels  share  mainly  the  distilla¬ 
tion  range  of  diesel  fuel  and  heating  oils. 
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Many  jtt  fuel  properties  are  inter-related  and  in  changing  one  specific  property,  other  properties 
also  change.  An  increase  in  final  boiling  point  generally  leads  to  Increased  aromatic  content,  decreased 
hydrogen  content,  decreased  volatility  and  increased  viscosity.  A  decrease  in  initial  boiling  point  will 
reduce  flash  point,  decrease  viscosity  and  increase  fuel  flammability.. 

The  two  most  significant  trends  in  jet  fuel  properties  over  the  past  ten  years  has  been  the  steady 
increase  in  average  aromatic  content  and  freezing  point.  Thit  has  resulted  from  increased  use  of  heavy 
Arabian,  Alaskan  and  North  Sea  crudes.  These  trends  are  expected  to  continue  as  more  quantities  of  these 
crude  sources  are  produced,  unless  processing  equipment  is  installed  either  to  extract  aromatics  or  hydro¬ 
genate  them  to  saturated  compounds  (paraffins  and  naphthenes). 

The  U.S.  Air  Force  Aviation  Turbine  Fuel  Technology  Program  is  expected  to  result  in  minor  fuel  speci¬ 
fication  changes  by  1983;  however,  for  the  most  part  will  be  similar  to  the  present  OP-4  and  JP-8  specifi¬ 

cations.  By  1989,  the  program  is  expected  to  lead  to  significant  fuel  specification  changes  with  the 
properties  approaching  those  shown  in  Table  III  (12). 

Results  from  NASA's  program  have  also  indicated  that  some  relaxation  of  the  current  specifications 
may  be  needed  to  minimize  the  adverse  impact  on  cost  and  energy  consumption  (11).  Major  fuel  properties 

that  could  be  affected  by  such  a  relaxation  are  shown  in  Table  IV. 

As  shown  in  Ta'.ies  111  and  IV,  the  only  projected  fuel  property  possibly  affecting  safety  is  the 
reduction  of  OP-8  .lash  point  from  38°C  to  32°C.  A  research  program  is  currently  underway  by  Southwest 
Research  Institite  under  sponsorship  of  the  FAA  (Federal  Aviation  Administration)  to  explore  the  effect 
that  a  reduction  in  flash  point  from  38°C  to  would  have  on  the  safety  c.iaracteristics  of  jet  fuels 
and  to  determine  the  impact  on  misting  characteristics  when  using  an  antimisting  additive. 

Antimisting  Kerosene 

During  the  past  15  years  considerable  research  and  development  has  been  performed  in  the  United  States 
and  the  United  Kingdom  to  develop  modified  fuels  for  reduction  of  the  post-crash  fire  hazard.  Specific 
approaches  have  includeo  gellation  and  emulsification,  incorporation  of  halogenated  flame  inhibiting  addi¬ 
tives,  and  incorporation  of  antimisting  additives.  Results  of  these  programs  have  shown  that  any  practical 
fire  safe  fuel  concept  must  utilize  a  low  volatility  fuel,  such  as  Jet  A,  Jet  A-1  or  JP-8  as  the  base 
fluid  and  must  not  drastically  alter  the  compatibility,  fluidity  and  low  temperature  performance  charac¬ 
teristics  associated  with  aircraft  fuel  systems  and  engine  operating  requirements. 

Reductions  in  misting  characteristics  have  been  found  by  gelling  or  emulsifying  fuels,  but  these  meth¬ 
ods  are  severely  lacking  in  other  critical  aspects  such  as  holdup  of  fuel  in  the  aircraft  tankage  and 
pumpability  proble,.is.  The  antimisting  additive  approach  appears  very  promising  and  is  being  pursued  in  a 
cooperative  manner  by  the  United  States  Federal  Aviation  Administration  (FAA)  and  the  United  Kingdom  under 
a  Memorandum  of  Understanding  (MOU).  The  antimisting  quality  is  imparted  to  the  fuel  by  the  addition  of 
low  concentration  in  the  order  of  0.3%  by  weight  of  shear-sensitive  hydrocarbon  polymer.  The  additive 
currently  being  evaluated  is  known  as  FM-9  produced  by  Imperial  Chemical  Industries,  Limited  in  the 
United  Kingdom.  This  additive  has  been  shown  to  be  effective  in  reducing  flame  propagation  through  mists 
of  kerosene  fuels.  These  mists  are  generated  by  the  high  shear  rate  expulsion  of  fuel  from  a  small  tank 
opening  or  by  air  shear  breakup  of  larger  masses  of  fuel  expelled  during  deceleration.  Preventing  the 
rapid  development  of  a  large  fire  around  an  aircraft  Involved  in  an  impact  survivable  accident  where  fuel 
tank  rupture  occurs  can  allow  more  time  for  passenger  and  crew  evacuation  and  result  in  a  higher  rate  of 
survivability  in  this  type  accident. 

The  FAA's  Special  Aviation,  Fire  and  Explosion  Reduction  Advisoiy  Committee  (SAFER)  Report  (22)  con¬ 
cluded  that  fully  developing  the  antimisting  kerosene  (AMK)  technology  could  prove  to  be  the  single,  most 
significant  safety  improvement  to  reduce  the  post-crash  fire  hazard.  As  a  result  of  past  research  and 
development  programs,  the  FAA  believes  that  an  antimisting  additive  is  technically  feasible  and  can  pro¬ 
vide  increased  protection  against  the  post-crash  fuel  mist  fire. 

Conclusions  of  the  two  years  of  research  and  development  under  the  MOU  were  that  the  use  of  antimist¬ 
ing  fuel  in  the  form  of  FM-9  at  a  concentration  of  0.3  percent  by  weight  in  kerosene  aviation  turbine  fuel 
gives  the  promise  of  significant  fire  protection  in  post-crash  situations  where  a  fireball  rould  exist. 

The  second  conclusion  was  that  although  there  are  problems,  no  insurmountable  technical  problems  are 
envisioned  at  this  time.  Details  of  these  programs  were  presented  at  the  Aircraft  Research  and  Technology 
for  Antimisting  Kerosene  Conference  on  February  18-19,  1981  at  the  FAA  Technical  Center  (23). 

As  shown  in  Table  V,  the  major  problems  or  concerns  Include  the  fuel's  compatibility  with  the  engine, 
aircraft  and  airport  handling  systems,  as  well  as  problems  associated  with  blending  the  additive,  storing 
the  additive  fuel,  and  degrading  the  additive  fuel  on  the  aircraft  fuel  system.  A  major  concern  also  is 
cost,  not  only  the  cost  to  produce  the  additive  in  large  quantities,  but  the  costs  associated  with  quality 
control,  and  engine  and  fuel  system  modifications. 

With  regard  to  future  fuels,  programs  are  underway  to  determine  compatibility  of  the  antimist  additive 
with  changes  in  base  fuel  compositions,  such  as  increased  aromatics  content,  increased  boiling  point,  and 
decreased  flash  point.  Assessment  of  various  fuels  will  be  accomplished  to  netenrine  antimisting  behavior, 
cold  temperature  behavior,  rheological  behavior,  and  degradation. 

These  major  problems  are  being  addressed  in  an  extensive  engineering  and  development  program  underway 
by  the  FAA  (24)  to  complete  all  resear  h  necessary  to  support  a  notice  of  proposed  rulemaking  to  be  com¬ 
pleted  by  mid  1984  for  the  Introduction  of  AMK  fuel  into  civil  aviation  use.  Table  VI  lists  the  three 
major  phase  titles  of  the  FAA  program.  Phase  I  is  identified  as  a  feasibility  and  FM-9  development  phase 
and  is  a  continuation  of  work  performed  under  the  US/UK  MOU  started  in  June  1978.  This  phase  includes 
continuation  of  research  on  flammability  limits,  rheology,  compatibility,  specification  and  production  of 
AMK,  as  well  as  large-scale  evaluations  of  AMK  and  an  economic,  study  to  satisfy  ♦'he  concerns  Identified 
above. 
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The  second  phase  of  the  program  Is  identified  as  full-scale  validations  and  '.i  nsists  of  two  main  items, 
ground  and  flight  test  of  the  fuel  in  an  operating  system,  and  the  full-scale  cr.v-h  of  an  aircraft  repre¬ 
sentative  of  operational  use  while  fueled  with  AMK. 

Phase  IIA  is  an  alternate  or  candidate  fuel  effort  to  investigate  alternate  candidate  fuels  which  can 

compete  with  the  FM-9  fuel  or  In  case  that  technical  problems  arise  with  the  FM-9  fuel  that  cannot  be 

solved.  Success  in  Phase  I  and  all  parts  of  Phase  II  on  the  FM-9  will  lead  to  a  mid  1984  data  base  which 
would  be  supportive  of  a  regulatory  recommendation  to  be  made  by  the  FAA  Technical  Center  to  the  regulatory 
side  of  FAA.  If  the  data  base  is  very  strong,  action  could  be  initiated  to  require  use  of  this  fuel  for 
commercial  operations.  In  the  event  that  a  definitive  statement  cannot  be  made  in  late  1983,  concerning 
either  FM-9  or  an  alte  nate  fuel,  the  Intent  is  to  terminate  the  program. 

Fuels  Derived  From  Shale  Oil 

on  shale  is  defined  as  a  fine-grained  sedimentary  rock  containing  organic  matter  which  yields  oil 

when  heated.  Synthetic  crude  oil  and  gas  are  produced  from  shale  oil  by  a  process  tailed  retorting  which 

heats  the  shale  rock  to  a  pyrolysis  temperature  of  about  510°C,  causing  the  solid  kerogen  to  decompose  to 
oily  vapors  and  gases,  leaving  behind  a  carbonaceous  residue  of  coke  on  the  Inorganic  fraction  of  the 
shale.  Retorting  can  be  carried  out  either  in  surface  fncilities  or  in  the  ground  'in  situ). 

Oil  shale  accounts  for  approximately  5.6  percent  of  world  fossil  fuel  resources  and  is  found  in  many 
countries  throughout  the  world.  The  largest  oil  shale  reserves  are  located  in  the  United  States  and 
the  Soviet  Union.  The  world's  largest  known  deposit,  the  16,000  square  mile  Green  River  Formation  in 
Colorado,  Wyoming  and  Utah,  contains  the  equivalent  of  1.2  trillion  barrels  of  oil. 

The  only  known  commercial  shale  oil  industries  currently  in  existence  are  in  China  and  the  Soviet 
Union.  China's  shale  oil  production  is  very  small,  in  the  order  of  3000  to  4000  barrels  per  day,  while 
the  current  production  in  the  Soviet  Union  is  estimated  at  35  to  50  million  tons  per  year.  About  one- 
third  of  the  shale  retorted  in  the  Soviet  Union  is  used  to  produce  fuel  oil  and  chemicals  with  the  remain¬ 
der  burned  directly  to  furnish  energy  for  electric  power  generation. 

After  many  years  of  research  and  development,  an  oil  shale  Industry  is  about  to  start  in  the  U.S.  with 
commercial  plants  being  designed  and  construction  underway  by  Union  011  Company  and  the  Colony  Project 
(Tosco  and  Exxon).  Union  Oil  Company  is  planning  to  start  production  in  mid  1983  and  under  an  agreement 
with  the  Department  of  Energy  and  the  Department  of  Defense  will  deliver  a  minimum  of  3,000  barrels  per 
day  of  military  aircraft  turbine  fuel  and  7,000  barrels  per  day  of  diesel  fuel  at  market  price  to  the 
Department  of  Defense  for  evaluation  in  their  shale-derived  fuels  evaluation  programs.  This  initial  com¬ 
mercial  plant  will  consist  of  a  12,500  ton  per  day  mine  and  a  Union  Oil  Company-developed  above  ground 
retort  which  will  produce  10,000  barrels  per  day  of  raw  shale  oil.  The  final  step  is  an  upgrading  plant 
that  will  convert  the  raw  shale  oil  into  a  high  quality  syncrude  which  will  be  suitable  for  normal  refin¬ 
ery  processing.  The  Colony  Project  expects  to  produce  48,000  barrels  per  day  by  1985.  Other  planned 
commercial  plants  in  the  U.S.  are  expected  to  yield  a  total  of  480,000  barrels  per  day  by  1992. 

A  substantial  advantage  of  oil  shale  and  tar  sands  over  coals  is  the  more  favorable  physical  and  chem¬ 
ical  properties,  as  shown  in  Table  VII.  Shale  kerogen  and  tar  sands  bitumen  more  closely  resemble  petro¬ 
leum  crude  in  hydrogen  content,  OAygen  and  sulfur,  while  nitrogen  content  is  much  higher  in  kerogen.  As 
a  result,  much  less  hyd'-ogen  is  required  to  remove  these  constituents  from  kerogen  and  bitumen  than  from 
coal  liquids  and  to  decrease  the  carbon-hydrogen  ratio  to  the  levels  required  for  liquid  fuels,  such  as 
gasoline,  jet  fuels,  diesel  fuels  and  heating  oils.  It  should  also  be  noted  that  the  carbon- hydrogen 
ratio  of  kerogen  and  bitumen  is  considerably  lower  than  that  of  coal,  making  them  much  more  attractive, 
both  technically  and  economically,  than  coals  for  producing  distillate  fuels. 

Since  1975,  several  programs  have  been  sponsored  by  the  U.S.  Air  Force  and  by  private  Industry  to 
produce  aviation  turbine  fuels  from  shale  oil  crude.  The  major  objectives  of  these  programs  with  Ashland 
Petroleum  Company,  Amoco  Oil  Company,  Sun  Oil  Company,  Union  Oil  Company  and  UOP  Process  Division  were  to 
define  and  develop  processing  technology  to  economically  produce  high  yields  of  military  jet  fuels  from 
shale  oil  crude.  Each  company  proposed  a  different  approach  and  processing  scheme  which  are  discussed  in 
detail  in  several  reports  and  papers  (25-32).  All  of  the  companies  have  developed  satisfactory  processing 
techniques  for  refir’ng  shale  syncrude  into  aviation  turbine  fuels  and  other  finished  products,  such  as 
gasoline  and  diesel  fuel.  As  shown  in  Tables  VIII  and  ,'X,  the  processes  yielded  JP-4  and  JP-8  fuels  that 
meet,  and  in  many  cases,  exceed  current  military  jet  fuel  specifications  at  prices  comparable  to  fuels 
produced  from  petroleum  crude  oil. 

Fuels  Derived  From  Coal 

Coal  reserves  are  the  largest  component  of  the  total  fossil  energy  resources,  accounting  for  755;  of 
all  fossil  resources  worldwide.  The  most  important  countries  in  terms  of  resources  and  reserves  are  the 
Soviet  Union,  the  United  States  and  China.  Australia,  Canada,  Germany,  Poland  and  the  United  Kingdom  have 
coal  resources  in  excess  of  one  percent  each  of  the  world  total. 

There  are  several  methods  for  producing  liquid  hydrocarbons  from  coal.  These  include:'  (1)  hydrogen¬ 
ation,  which  Involves  the  addition  of  hydrogen  and  heat  to  decrease  the  carbon/hydrogen  ratio  of  the  coal; 
(2)  thermal  cracking/pyrolysis,  which  involves  splitting  the  coal  into  hydrocarbons,  water  and  carbonaceous 
residue  by  heat  alone;  (3)  donor  solvents,  which  Involves  solvent  extraction  with  a  hydrogen-rich  solvent, 
and;  (4)  gasification^ynthesis,  which  involves  gasification  of  the  coal  to  carbon  monoxide  (CO),  hydrogen 
(H2)  and  methane,  followed  by  catalytic  synthesis  of  the  CO  and  H2  through  the  Fischer-Tropsch  process  to 
produce  hydrocarbons  or  alcohols. 

All  countries  with  major  coal  reserves  have  done  and  are  continuing  to  do  small-scale  and  large-scale 
development  on  liquifaction  and  gasification  of  various  coals.  Ine  SASOL  plants  in  South  Africa  are  the 
only  commercial-scale  plants  producing  liquid  -uels  with  most  of  the  liquid  fuels  used  as  motor  gasoline 
and  the  remainder  used  as  chemical  feedstock.. 


In  the  U.S.,  two  large  pilot  plants,  the  H-Coal  pilot  plant  in  Catlettsburg,  Kentucky  and  the  Exxon 
Donor  Solvent  pilot  plant  in  Baytown,  Texas  are  continuing  major  series  of  test  runs  on  these  liquifaction 
processes  prior  to  commercialization  in  the  late  80‘s. 

Very  limited  research  and  development  has  been  done  on  the  production  of  jet  fuels  from  coal.  In  1976 
Exxon  Research  and  Engineering  Company,  with  joint  U.S.  Air  Force  and  NASA  support,  evaluated  the  feasi¬ 
bility  of  producing  jet  fuels  from  synthetic  crude  oils  derived  from  shale  oil  and  coal  (25).  Conclusions 
from  this  program  showed  that  specification  jet  fuels  can  be  oroduced  from  shale  oils  by  catalytic  hydro¬ 
processing  of  the  kerosene  fractions,  but  it  is  much  more  dlf/icult  to  produce  such  fuels  by  similar 
catalytic  hydroprocessing  of  coal  liquids  fractions.  This  difficulty  with  coal  liquids  results  from  two 
factors:  (1)  the  basic  chemical  composition  of  coal  liquids  are  high  in  aromatics  and  low  in  paraffins, 
and  (2)  typical  hydroprocessing  catalysts  convert  some  of  the  aromatics  to  naphthenes  (cycloparaffins) 
without  substanti-i  ring  opening  or  cracking  to  produce  paraffins.  As  shown  in  Table  X,  jet  fuels  could 
be  prepared  from  coal-derived  liquids,  but  there  would  be  difficulty  in  meeting  specific  gravity  and 
smoke  point. 

Fuels  Derived  From  Tar  Sands 

Tar  sands  are  defined  as  sands  containing  hydrocarbons  so  viscous  that  they  cannot  be  recovered  in 
their  natural  form  by  any  normal  mining  methods.  It  Is  estimated  that  world  recoverable  tar  sands  total 
about  2000  billion  barrels,  with  the  major  deposits  in  Canada  and  South  America.  Because  of  the  similar¬ 
ity  of  tar  sands  and  heavy  oils,  these  two  resources  are  combined  in  many  resource  estimates. 

Syncrude  from  the  Canadian  tar  sands  is  an  Important  source  of  energy  and  Canada  is  expected  to  pro¬ 
duce  more  and  more  synthetic  crude  from  four  major  formations  located  in  northern  Alberta.  The  best  known 
and  largest  is  the  Athabasca  tar  sands  with  other  deposit'  known  as  Uabasca,  Peace  River  and  Cold  Lake. 

The  potential  oil  recovery  from  these  deposits  are  very  ‘ igh  with  total  in-place  oil  currently  estimated 
at  1350  billion  barrels.  This  is  over  twice  that  of  tttal  conventional  world  oil  reserves,  which  have 
recently  been  estimated  at  640  billion  barrels. 

In  Canada,  synthetic  crudes  from  tar  sands  are  besng  produced  by  two  plants  with  a  combined  design 
capacity  of  155,000  barrels  per  day  or  about  10  percent  of  Canadian  crude  oil  production.  These  plants 
are  expected  to  expand  by  the  mid  80's  to  240,000  barrels  per  day;  by  1990  it  is  forecast  that  an  addi¬ 
tional  320,000  barrel  per  day  capacity  will  be  added,  but  as  with  other  synthetic  fuels  projects,  the 
developmental  pace  is  difficult  to  predict  due  to  economic  and  political  restraints. 

Two  upgrading  plants  currently  operating  in  Canada  use  coking  to  crack  the  bitumen  to  lighter  material 
and  to  remove  heavy  metals.  The  cracked  product,  v;hich  contains  considerable  olefinic  material  and  has 
high  sulfur  and  nitrogen  levels,  is  then  upgraded  further  by  hydrogenation,  producing  synthetic  crude. 
Approximately  47  percent  of  the  syncrude  is  in  ti =  middle  distillate  range  which  is  suitable  as  refinery 
feestock  for  producing  jet  fuels,  diesel  fuels  a’  -  heating  oils. 

Properties  of  a  Jet  A-1  fraction  prepared  fir,;,i  a  tar  sands  synthetic  crude  are  shown  in  Table  XI  and 
compared  to  a  conventional  Jet  A-1  from  petroT  jm  crude  (33).  As  shown,  the  most  significant  property  of 
the  tar  sands  produced  Jet  A-1  is  its  very  higl  aromatic  content  of  32  percent  as  compared  to  the  average 
conventional  Jet  A-1  of  19  percent  and  the  spec  fication  ’imit  of  25  percent  maximum.  This  high  aromatic 
content  is  also  reflected  in  the  low  hydrogen  content  and  str.nke  point,  as  compared  to  conventional  Jet  A-1 
and  specification  requirements.  On  the  basis  of  aromatic  con^.'^Pt,  the  amount  of  tar  sands  syncrude  that 
can  be  run  at  any  particular  r.finery  is  about  30*  of  the  tota>  'xude  run  with  the  remainder  being  petro- 
lo'ira  crude.  Additional  hydrotreating  of  the  Jet  A-1  fraction  f»  .m  tar  sands  syncrude  could  reduce  the 
aromatics  and  increase  hydrogen  content  and  smoke  point  to  m'/et  vS,.  A-1  specification  requirements,  but 
this  increased  hydrogenation  would  depend  on  hydrogen  availa)nitv  c  d  inc.-eased  costs  of  refining. 

Other  characteristics.  Including  flammability  proi-^rti.-' ,  of  the  U  -ands  produced  Jet  A-1  are  simi¬ 
lar  to  those  of  petroleum-derived  fuels. 

Non-Conventional  Fuels 

Liquid  hydrogen  and  liquid  methane  have  teen  recognize,  by  the  NATO  countries  as  having  potential  as 
alternative  aircraft  turbine  fuels.  Fundamental  combustion  and  aircraft  design  studies  have  been  conducted 
at  various  research  establishments  and  airplane  companies  of  the  NATO  countries.  The  results  of  these 
studies  showed  that  liquid  hydrogen  or  liquid  methane  offer  significant  advantages  ;or  long  range  aircraft 
due  to  their  high  gravimetric  heating  values  compared  to  liquid  hydrocarbon  fuels.  As  shown  in  Table  XII, 
liquid  hydrogen  has  a  heating  value  per  unit  weight  which  is  approximately  three  times  greater  than  Jet  A. 
In  addition,  because  their  densities  are  less,  the  aircraft  takeoff  gross  weight  is  potentially  less  using 
these  cryogenic  fuels  than  for  liquid  hydrocarbon  fuels.  However,  because  of  their  low  boiling  points  and 
low  densities,  new  aircraft  with  large  insulated  tanks  must  be  designed  to  use  these  cryogenic  fuels. 

While  the  very  wide  flammability  limits  are  desirable  as  turbine  engine  fuels,  they  are  less  attractive 
from  the  viewpoint  of  aircraft  safety.  In  addition,  the  storage  and  support  systems  required  at  airports 
would  be  complex  and  expensive  compared  to  those  for  liquid  hydrocarbon  fuels.  The  logistic  problems  of 
supplying  these  fuels  to  remote  areas  throughout  the  world  appear  formidable.  The  projected  cost  of  pro¬ 
ducing  these  fuels  appears  appreciably  higher  than  for  liquid  hydrocarbons.  Therefore,  until  inexpensive 
means  of  production  are  develooed,  these  cryogenic  fuels  will  not  be  seriously  considered  as  fuels  for 
ai-craft  applications. 

CONCLUDING  REMARKS 

Current  aviation  turbine  fuels  produced  from  petroleum  pose  a  definite  fire  and  explosion  threat  re¬ 
gardless  of  their  volatility  characteristics.  Based  on  laboratory  tests  and  crash  analyses,  however, 
kerosene-type  aviation  turbine  fuels  appear  to  be  safer  than  wide-cut  fuels  under  most  conditions  during 
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ground  handling  and  use  In  the  aircraft.  In  view  of  these  safety  advantages,  most  airlines  and  military 
air  forces  favor  the  use  of  kero sene- type  fuels,  but  due  to  availability  and  cost  problems,  have  not 
totally  converted. 

Projected  changes  In  fuel  properties  of  current  fuels  (aromatics,  freezing  point  and  final  boiling 
points)  which  will  lead  to  Increased  availability  and  greater  flexibility  In  supply  at  possibly  lower 
prices  will  have  very  little  Impact,  If  any,  on  the  fire  properties  of  such  fuels.  The  only  exception  to 
this  Is  a  reduction  of  flash  point  of  kerosene-type  fuels  from  the  present  3R°C  to  which  might  ad¬ 
versely  Impact  the  fire  and  explosion  threat  of  these  fuels. 

Reductions  In  misting  characteristics  of  kerosene-type  fuels  through  the  use  of  the  antimisting  addi¬ 
tive  approach  shows  promise  of  significant  fire  protection  In  post-crash  situations  where  a  fireball  could 
exist.  Many  technical  problems  are  now  being  addressed,  and  If  successful.  It  Is  possible  that  the  Intro¬ 
duction  of  such  additive  fuels  would  be  used  In  civil  aviation  In  the  1984  time  period. 

Acceptable  aviation  turbine  fuels  can  be  produced  from  shale  oil,  coal  and  tar  sands.  Properties  of 

these  fuels  are  expected  to  be  similar  to  those  produced  from  petroleum  with  respect  to  fire  properties. 
Due  to  the  difficulty  and  cost  of  producing  jet  fuels  fro  coal.  It  Is  expected  that  coal  liquids  will  be 
used  as  r'flnery  feedstock  for  producing  motor  gasoline  and  heating  oils. 

The  cryogenic  liquids,  hydrogen  and  methane,  offer  little  potential  as  aircraft  fuels,  at  least  until 
other  sources  of  liquid  hydrocarbon  fuals  are  exhausted.  The  fire  hazards  Involved  with  these  cryogenic 
fuels  during  ground  handling  and  In  the  alrc'-aft  are  sufficiently  different  than  with  present  liquid 
hydrocarbon  fuels  and  would  require  special  design  of  both  ground  handling  systems  and  aircraft. 

Aircraft  In  the  Inventory  today,  as  well  as  those  under  development,  both  military  and  commercial, 

are  designed  to  use  liquid  hydrocarbon  fuels  of  the  types  now  being  used,  and  as  a  result,  future  fuels 

will  be  very  similar  In  fire  properties  to  those  used  today. 
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TABLE  I 

Typical  Volatility  Characteristics  of  Aviation  Turbine  Fuels 


JP-4  Jet  A/A-1 


Propertv 

Jet  B 

JP-8 

JP-5 

Reid  Vapor  Pressure,  kPa  @  38°C 

18 

1.4 

1.6 

Distillation,  °C 

Initial  Bolling  Point 

61 

167 

182 

End  Point 

239 

266 

258 

Flash  Point,  °C 

-29 

46 

62 

TABLE  II 


Typical  Flarmriabnity  and  Ignition  Properties 
of  Aviation  Fuels  at  One  Atmosphere 


Property 

JP-4 
Oet  B 

Oet  A/A-1 
JP-8 

JP-5 

Net  Heat  of  Combustion 

kj/kg 

43,570 

43,240 

43,050 

MJ/m^ 

33,190 

35,060 

35,200 

Limits  of  Flammability,  %  by  Vol 

Lower 

1.3 

0.6 

0.6 

Upper 

8.0 

4.7 

4.6 

Flammability  Temperature  Limit',  °C 

Lower  (Lean)  Limit 

-23 

53 

64 

Upper  (Rich)  Limit 

18 

77 

102 

Minimum  Electrical  Spark  Ignition  Energy,  mJ 

0.20 

0.20 

0.20 

Autoignition  Temperature, 

246 

238 

241 

Flame  Spread  Rate,  Quiescent  Liquid 

m/Mln  @  27°C 

'225 

-7.5 

'7.5 

TABLE  III 

Air  Force 

Future  Fuel 

Specifications 

Future 

Present 

Future 

Present 

JP-8 

JP-8 

JP-4 

JP-4 

Final  Boiling,  °C,  max 

316 

300 

1 

CO 

00 

CO 

270 

Flash  Point,  °C,  min 

32-54 

38 

... 

... 

Freeze  Point,  °C,  max 

-34 

-50 

-50 

-58 

Net  Heat  of  Comb,  Btu/lb,  min 

18,300 

18,400 

18,300 

18,400 

Aromatics,  VoU,  max 

35 

25 

35 

25 

Hydrogen,  WtX,  min 

13.0 

13.5 

13.0 

13.6 

Nitrogen,  Wt%,  min 

0.005 

— 

0.005 

... 

TABLE  IV 

Major  Projected  Changes  In  Fuel  Properties 

-  NASA 

Future  Broad- 

Current 

Property 

Spec  Fuel 

Jet  A 

Aromatics,  VoU 

30-35 

25  max 

Hydrogen,  UtX 

12.5-13,0 

13.5-14 

Final  Bolling  Pt,  °C 

290-330 

280  max 

Freezing  Point,  °C 

-29  to  -34 

-40  max 

Thermal  Stabll’ty 

(JFTOT  Breakpoint), 

°C  >240 

>260 
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TABLE  V 

Major  Problems/Concerns 
Associated  With  Antimisting  Kerosene 

•  Fuel  Compatibility 

-  Engine 

-  Aircraft 

-  Airport  Fuel  Handling  System 

-  Future  Tuels 

•  Additive  Blending  Procedures 

•  Additive  Fuel  Storage 

•  Additive  Fuel  Degradation  Procedures 

•  Additive  Fuel  Costs 


TABLE  VI 

Antimisting  Fuel  Program  Phases 

phase  I  -  Feasibil ity/FM-9  Development 
Phase  II  -  Full-Scale  Validation 

*  Ground  Tests 

*  Flight  Tests 

*  Crash  Tests 

Phase  IIA  -  Candidate  Fuels  Evaluation 


TABLE  VII 

Properties  of  Synthetic  Crude  Sources 


Shale 

Keroqen 

Athabasca 

Bitumen 

Bituminous 

Coal 

Lignite 

Petroleum 

Crude 

Carbon,  Wt% 

80.5 

81.1 

78.8 

72.5 

86.0 

Hydrogen,  Wt% 

10.3 

10.4 

5.7 

4.9 

13.6 

Oxygen,  Wt% 

5.8 

4.1 

8.9 

20.8 

0.1 

Nitrogen,  Wt55 

2.4 

0.6 

1.4 

1.1 

0.1 

Sulfur,  Wt% 

1.0 

3.8 

5.2 

0.7 

0.2 

C/H  Ratio 

7.8 

7.8 

13.8 

14.8 

6.3 
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TABLE  VIII 

JP-4  Fuels  From  Shale  Oil  Crude 


UOP 

Ashland 

Sun  Tech 

Union 

MIL-T-5624L 

3 

Density,  kg/m 

781 

782 

776 

775 

751  -  802 

Distniatlon  Temperature,  °C 

Initial 

95 

— 

70 

60 

Report 

10* 

124 

121 

.... 

20* 

142 

116 

127 

142 

145  max 

50* 

197 

151 

172 

178 

190  max 

90* 

248 

226 

237 

219 

245  max 

E.P. 

269 

258 

275 

241 

270  max 

Freeze  Point,  °C 

A 

1 

cn 

00 

-68 

-58 

-51 

•58  max 

Smoke  Point,  mm 

28,5 

37 

20  min 

Vapor  Pressure,  38°C,  kPa 

5.5 

20 

18 

18 

14  -  21 

Viscosity  @  -20®C,  cSt 

3.21 

.... 

.... 

.... 

.... 

Copper  Strip  Corrosion 

lA 

IB 

1A 

lA 

IB  max 

Total  Sulfur,  Wt* 

0.07 

nil 

0.0003 

nil 

0.40  max 

Mercaptan  Sulfur,  Wt* 

0.0001 

nil 

0.0001 

<0.00003 

D.OOI  max 

Hydrogen,  Wt* 

14.39 

14.14 

14.16 

14.35 

13.6  max 

Aromatics,  Vol* 

8.7 

11.0 

15.0 

8.0 

25  max 

Olefins,  Vol* 

nil 

nil 

1.0 

nil 

5  max 

Combustion,  MO/kg 

47.2 

43.3 

43,5 

.... 

42.8  min 

Thermal  Stability 

Pressure  Drop,  mmHg 

1.5 

0 

0 

0 

25  max 

Tube  Deposit 

0 

0 

0 

0 

3  max 
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TABLE  IX 

JP-8  Fuels  From  Shale  011  Crude 

MIL-T-83133 


OOP 

Ashland 

Sun  Tech 

SPEC 

3 

Density,  kg/m 

797 

819 

811 

775  -  840 

Distillation  Temperature,  °C 
Initial 

142 

99 

Report 

10* 

161 

176 

154 

205  max 

20* 

178 

.... 

178 

.... 

50* 

223 

.... 

210 

. ... 

90* 

267 

.... 

266 

.... 

E.P. 

289 

286 

293 

300  max 

Freeze  Point,  °C 

-48 

-52 

-57 

-50  max 

Flash  Point, 

38 

46 

38 

38  min 

Smoke  Point,  mm 

27.2 

...- 

.... 

20  min 

Viscosity  @  -20°C,  cSt 

5.67 

...- 

.... 

8.0  max 

Copper  Strip  Corrosion 

lA 

IB 

IB 

IB  max 

Total  Sulfur,  Wt* 

0.05 

nil 

0.0003 

0.40  max 

Mercaptan  Sulfur,  Wt* 

0.0005 

0.0005 

0.0002 

0.001  max 

Hydrogen,  Wt* 

14.1 

13.83 

13.85 

13. S  min 

Aromatics,  Vol* 

9.3 

19.3 

16. C 

25.0  max 

Olefins,  Vol* 

nil 

nil 

2.C 

5.0  max 

Combustion,  MJ/kg 

46.2 

43.0 

43.2 

42.8  min 

Thermal  Stability 

Pressure  Drop,  mmHg 

0 

0 

0 

25  max 

Tube  Deposit 

0 

0 

0 

3  max 

TABLE  X 

Aviation  Turbine  Fuels  From  H-Coal 

Liquid 

JP-4 

■JP-4  Spec 

Jet  A 

Jet  A  Spec 

3 

Density,  kg/m 

806 

751-802 

846 

775-840 

Distillation,  °C 

Initial 

88 

Report 

171 

Report 

10* 

108 

.... 

187 

204  max 

20* 

118 

145  max 

194 

.... 

50* 

152 

190  max 

210 

232  max 

90* 

193 

245  max 

234 

.... 

E.P. 

219 

270  max 

247 

288  max 

Freeze  Point,  °C 

<-70 

-58  max 

-44 

-40  max 

Smoke  Point,  mm 

22 

20  min 

18 

19  min 

Viscosity  0  -34.4°C,  cSt 

3.07 

.— 

9.35 

15  max 

Total  Sulfur,  Wt* 

0.001 

0.40  max 

0.002 

0.3  max 

Hydrogen,  Wt* 

14.29 

13.6  min 

12.66 

.... 

Aromatics,  Vol* 

16.5 

25  max 

18.5 

25  max 

Olefins 

0.9 

5  max 

0.8 

.... 

Flash  Point,  °C 

— 

.... 

57 

38  min 

TABLE  XI 


Prorsrtles  of  Jet  A-I  From  Tar  Sands  Syncrude 


Tar  Sands 

Petroleum 

Jet  A-1 
Specification 

3 

Density,  kg/m 

830 

803 

840  max 

Viscosity,  cSt  at  40°C 

1.3 

1.2 

.... 

Freeze  Point,  °C 

<-60 

-50 

-47  max 

Sulfur,  ppm 

38 

100 

3000  max 

Nitrogen,  ppm 

4 

2 

.... 

Hydrogen,  Wt% 

12.9 

13.9 

.... 

Aromatics,  Vol% 

32 

19 

25  max 

Naphthalenes,  Wt% 

0.6 

2.2 

3  max 

Smoke  Point,  mm 

13 

22 

20  min 

TABLE  XII 

Physical  Properties  of  Mon-Conventional  Fuels 


Property 

Liquid 

Hydrogen 

Liquid 

Methane 

Jet  A-1 

Bolling  Point,  °C 

-253 

-162 

167 

Liquid  Density,  kg/a? 

71  @  -253°C 

422 

827 

Heat  of  Combustion 

M.l/kg 

120 

50 

42.8 

MJ/ro^ 

8,520 

21,100 

35,400 

Flash  Point,  °C 

... 

... 

38  min 

Autoignition  Temp,  °C 

585 

537 

238 

Limits  of  Flammability,  %  by  Vol 

Lower 

4.0 

5 

C.5 

I  I  i  I  i 

Q.O  20*0  40.0  60.0  60.0 

PERCENT  RECOVERED 


“I 

100.0 


Typical  Distillation  Curves 


TEMPERRTURE  -  "C 


Figure  2.  Fuels  Flammability  Limits  Vs  Altitude 
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Figure  3.  Effects  of  Dynamics  on  Flammability  Limits 


RATE  OF  FLAME  SPREAD,  ft /mi 


Figure  5.  Flame  Spread  Rate  of  Fuels 
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Figure  6.  Bolling  Range  of  Various  Fuels 
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FUEL  SYSTEM  PROTECTION  METHODS 
by 

H.  W.  G.  Wyeth 

Procurement  Executive,  Ministry  of  Defence 
Engineering  Physics  Department 
Royal  Aircraft  Establishment,  Farnborqugh,  Hants 


SUMMARY 

Fuel  system  protection  eauipment  is  being  researched  and  developed  for  military 
aircraft  and  helicopters  to  reduce  the  major  cause  of  aircraft  loss  which  is  attributed 
to  fires  and  exp]osions  occurring  under  combat  conditions. 

Arising  largely  from  these  investigations  a  wide  range  of  equipments  is  now  avail¬ 
able  for  fitment  to  civil  transport  for  survivability  enhancement  provided  that  the  asso¬ 
ciated  weight  and  operational  penalties  can  be  accepted. 

Aircraft  fire  safety  and  crash  resistcuice  should  be  considered  in  the  initial  design 
concept  and  the  appropriate  safety  precautions  taken  to  minimise  the  risk  of  fire  and 
explosion  both  inflight  and  on  the  ground.  Caution  should  be  exercised  in  the  introduc¬ 
tion  of  composite  structures  and  new  fuels. 

Introduction  of  fuel  containment  systems  and  anti-misting  fuels  could  be  the  key 
factors  in  reducing  dynamic  fuel  spillage  and  improving  occupant  survivability  in  the 
case  of  the  post  crash  fire. 


1  INTRODUCTION 

In  a  modern  combat  aircraft  or  helicopter  the  fuel  occupies  a  large  proportion  of 
the  total  volume  and  is  a  source  of  potential  energy,  which  may  be  employed  by  an  enemy 
to  bring  about  the  destruction  of  a  military  aircraft. 

The  fuel  system  (tankage  and  associated  pipe  systems)  is  the  largest  single  vulner¬ 
able  component  (apart  from  the  structure)  and  forms  a  very  significant  target  even  in 
small  aircraft.  Fuel  fires  and  tank  explosions  together  with  their  associated  effects 
account  for  more  than  60%  of  all  combat  losses. 

Fuel  system  protection  methods  have# there : jre, been  devised  to  minimise  the  risk  of 
fire  and  explosion  and  reduce  fuel  lose  due  to  battle  daniage.  Some  of  these  methods  can 
be  applied  to  civil  transports  for  the  er.hancement  of  inflight  and  post  cr.ash  survivabil¬ 
ity,  in  an  endeavour  to  reduce  the  number  of  fatalities  due  to  fire  and  explosion. 

2  FUEL  CONTAINMENT 

2.1  Crashworthy  fuel  systems 

Energy  absorbing  structures  and  crashworthy  fuel  systems  are  currently  being  intro¬ 
duced  into  new  helicopters  to  Improve  fuel  containment  and  thereby  minimise  the  quantity 
of  spilt  flammables  flowing  into  areas  in  which  ignition  sources  may  be  present  during 
ground  Impact. 

The  basic  aim  is  for  the  fuel  system  to  remain  leak  tight  with  vertical  impact  drop 
tests  made  onto  a  non-deformable  surface  with  the  tankage  structures  maintained  in  a  hori¬ 
zontal  plane. 

Special  attention  is  devoted  to  the  flexible  fuel  tank  bladder  construction,  in 
particular  its  ability  to  conform  to  the  desired  shape  at  impact,  its  resistance  to 
mechanical  intrusions  and  the  integrity  of  the  various  pipes  and  connectors. 

Fuel  pipes  are  run,  preferably, within  fuel  tankage  and  at  reduced  pressure  using 
suction  pumps  wherever  possible;  pipes  are  provided  with  a  high  degree  of  flexibility, 
resistant  to  cutting  and  fitted  with  break-away  self-sealing  valves.  Vent  pipes  are  also 
fitted  with  check  or  anti-spill  valves  and  flexible  connectors  to  minimise  spillage  at 
toppling  and  impact. 

Fuel  pumps  and  fuel  capacitance  probes  are  provided  with  frangible  retainers  and 
weak  points  to  minimise  the  risk  of  bladder  separation  and  component  penetration  of  tank 
walls. 


Electrical  cables  are  run  over  fuel  tanks  and  along  structural  members  and  provided 
with  sufficient  slack  to  allow  for  structural  deformation. 

2.2  Self-sealing  fuel  tanks  and  pipes 

Self-sealing  crash  resistant  flexible  bladder  fuel  tanks  are  also  being  introduced 
into  a  wide  range  of  fixed  and  rotary  wing  military  aircraft. 
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Self-sealing  fuel  tanks, together  ..Ith  their  associated  anti-petalling  or  backing 
boards, are  used  to  seal  up  perforations  caused  by  a  wide  •'ange  of  combat  threats, 
including  ball  and  armour  piercing  projectiles,  as  well  a^  fragments  from  shells  an  ' 
missiles. 

With  "he  current  natural  and  synthetic  sponge  and  sheet  rubbers  employed  in  the 
tank  and  pipe  fabrication,  the  desired  swelling  and  closure  of  the  tank  or  pipe  wound  on 
contact  with  fuel  normally  occurs  within  a  few  minutes?  this  is  dependent  on  the  tank  or 
pipe  pressurisation,  aromatic  content  and  temperature  of  the  fuel. 

Attempts  have  also  been  made  to  reduce  the  time  taken  to  seal  the  wound  by  plugging 
with  either  a  fuel  gelling  or  a  plastics  focuning  agent  incorporated  within  the  fuel  tank 
wall;  covers  with  improved  resistance  to  tear  and  with  built  in  energy  absorption  are 
also  being  investigated. 

2.3  Compartmented  tank  construction 

An  alternative  approach  to  self-sealing  in  military  aircraft,  is  to  use  simple 
compartmentation  of  the  fuel  tankage  for  both  fuselage  and  wing  fuel  tank  locations. 

A  novel  compartmentation  technique  currently  under  evaluation  at  RAE  is  based  on 
packing  the  interior  of  the  tank  with  vertical  shaped  columns  of  reticulated  foam,  each 
of  the  small  columns  being  individually  wrapped  in  a  thin  plastics  envelope  and  fitted 
with  a  non-return  valve  feeding  into  a  manifold  distribution  system.  The  entire  tank  is 
provided  with  an  explosion  suppressant  intank  filler  and  the  proposed  construction  is 
aimed  at  providing  fuel  containment,  explosion  protection  and  hydraulic  shock  alleviation. 
(Figs  1  and  2.) 

3  EXPLOSIONS  AND  FIRES 

In  military  combat  aircraft  fuel  fires  initiated  in  bays  or  voids  adjacent  to  the 
fuel  tankage*  are  the  greatest  risk  in  terms  of  frequency  of  occurrence  but  a  fuel  tank 
internal  explosion^  can  have  Immediate  and  serious  consequences  to  both  aircraft  and  crew. 

3.1  Explosions 

The  ullage  or  space  above  the  liquid  fuel  in  an  aircraft  tank  contains  a  mixture  of 
fuel  vapour  or  fuel  mist  and  air  which  can  be  ignited  by  a  spark,  flame  or  hot  surface, 
provided  that  the  miitture  is  within  certain  limits. 

The  conditions  required  for  ignition  and  subsequent  flame  propagation  through  the 
mixture  are  dependent  cn  a  rumber  of  parameters  Inclu.dlng  fuel  type,  fuel  temperature, 
tank  pressure  and  oxygen  concentration. 

In  flight,  fuel  froths  and  fuel  mists  are  generated  by  the  aircraft  vibration  and 
oxygen  rich  'air'  is  released  from  the  supersaturated  fuels  at  reduced  pressure  conditions. 

There  are  times  in  the  life  of  a  military  aircraft  or  helicopter,  both  on  the  ground 
and  in  flight,  when  the  fuel  tank  ullage  is  potentially  at  risk  to  ignition. 

If  a  high  velocity  projectile  penetrates  the  skin  of  an  integral  fuel  tank,  ignition 
sources  are  immediately  provided  by  the  impact  flash  in  the  form  of  hot  Incandescent 
particles,  also  additional  incendiary  products  may  be  released  into  the  ullage  (Fig  3) . 

3 . 2  Fires 

With  the  current  constructioi.il  techniques  used  to  house  the  aircraft  internal  fuel 
containment  systems  there  are  numerous  voids  or  bays  formed  between  the  tankage  and  air¬ 
craft  skins  in  which  primary  fuel  fires  can  be  readily  initiated  and  sustained. 

If  a  high  velocity  projectile  penetrates  the  outer  aircraft  skin,  ignition  sources 
are  immediately  provided  by  the  Impact  flash  and  the  release  of  incendiary  products. 

These  are  able  to  ignite  the  finely  atomised  fuel  spray  v/hich  is  ejected  with  considerable 
force  in  discrete  pulses  from  the  punctured  fuel  tank  as  the  projectile  decelerates  within 
the  fuel  (Fig  4) . 

The  passage  of  the  projectile  throuah  the  void  and  into  the  fuel  provides  ideal 
conditions  for  establishing  a  sustained  fire  external  to  the  tank  but  within  the  clois¬ 
tered  atmosphere  provided  by  the  aircraft  structure. 

Secondary  fires  may  also  occur  due  to  fuel,  hydraulic  fluid  and/or  engine  lubri¬ 
cating  oil  released  from  ruptured  tanks  or  pipes  coming  into  contact  with  spark  and/or 
spontaneous  ignition  sources  other  than  those  provided  by  the  threat. 

In  the  case  of  a  crash,  spilt  fuel  together  with  enveloping  fuel  mist  from  ruptured 
tankage  and  pipes  can  lead  to  a  post  crash  fire,  the  fuel  being  Ignited  by  hot  engine 
components,  friction  sparks,  severed  electrical  wiring  etc. 

An  explosion  within  a  fuel  tank  can  also  lead  to  a  fire  within  the  surrounding 
structure  or, in  the  case  of  a  crash, it  can  significantly  add  to  the  damaging  effect  of 
a  post  crash  fira. 
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4  PROTECTION  SYSTEMS 

4.1  Explosion  proteoi-iLn 

Various  systems  may  be  used  to  suppress  fuel  tank  and  vent  pipe  explosions  in  mili¬ 
tary  aircraft. 

These  systems  are  essentially  based  on  (a)  reducing  the  oxygen  content  of  the  ullage 
below  the  critical  value  necessary  for  ignition  by  the  application  of  inert  gases  includ¬ 
ing  nitrogen,  carbon  dioxide  and  combustor  gas  products  or  (b)  suppression  of  the  pro¬ 
pagating  flame  and  incipient  explosion  by  using  flame  arresters  and  fire  extlnguishants. 

The  currently  preferred  system  for  the  fuel  tankage  of  the  larger  transport  aircraft 
is  based  on  nitrogen  inerting  of  the  ullage  to  maintain  an  oxygen  concentration  below  9% 
by  volume,  using  either  a  liquid/gaseous  storage  or  an  onboard  oxygen/nitrogen  separation 
unit.  T  se  units  are  essentially  based  on  semi-permeable  hollow  fibres  and  membranes 
together  'th  molecular  sieves  using  pressure  swing  adsorption.  For  the  smaller  aircraft 
and  helicopters  intank  fillers  based  on  reticulated  plastics  foams,  melded  polyamide 
fibrous  structures  or  expanded  metallic  foils  are  a  more  attractive  solution  (Fig  5) . 

Fuel  system  engineering  assessments  of  melded  polyeimides  intank  fillers  are  being  carried 
out  by  RAE  (Fig  6) . 

An  alternative  approach  is  to  suppress  the  propagating  flame  with  an  extinguishant 
immediately  following  ignition  (within  20  ms)  and  prior  to  a  large  pressure  rise  being 
developed,  the  initial  rapid  rise  of  pressure  or  the  light  emitted  at  ignition  being  used 
to  trigger  the  rapid  discharge  of  extinguishant.  With  a  single  shot  system,  once  oper¬ 
ated,  it  ceases  to  be  effective  when  the  concentration  of  inerting  fluid  has  decayed. 

A  comparison  of  explosion  protection  system  weights  for  fuel  tankage  is  given  in 
Table  1. 

Flame  arresters  and  extlnguishants  are  also  being  used  to  inhibit  flame  propagation 
within  vent  pipe  systems;  however,  care  must  be  exercised  to  ensure  that  flame  arresters 
(gauzes  and  focuns)  do  not  become  (a)  blocked  by  ice  or  debris  and  cause  an  undue  pressure 
difference  within  the  vent  system  and  (b)  subjected  to  high  temperatures  with  subsequent 
loss  of  suppression  effectiveness. 

4.2  Fire  and  smoke  detection 

Thenaally  sensitive  continuous  loops  u.nd  point  detectors  are  widely  used  to  detect 
both  fire  and  overheat  conditions  arising  within  power  plant  installations  and  voids 
adjacent  to  fuel  tanks. 

These  detectors  sense  changes  in  electrical  conductivity  or  pressure  or  the  outputs 
of  differential  thermocouples.  However,  thermal  sensing  systems  are  not  recommended  for 
protection  of  voids  against  combat  fires  due  to  their  relatively  long  detection  delays 
(0.5  second  to  10  seconds). 

Studies  have  shown^  that  severe  fires  can  develop  in  4-5  seconds  and  that  the  opti¬ 
mum  time  to  extinguish  a  combat  fire  is  within  a  few  milliseconds  (1-5  ms)  of  its 
initiation. 

Overheat  detectors  are  used  to  monitor  hot  air  leaks  from  ducting  and  optical  sur¬ 
veillance  sensors  are  used  to  detect  engine  light  up  (in  particular  reheat) ,  combustion 
chamber  flame  break  out  and  flame  propagation  within  fuel  vent  pipes. 

Sensors  based  on  detecting  both  ultra-violet  and  infra-red  radiations  emitted  from 
flames  are  now  being  actively  developed  for  use  in  combat  fire  protection  systems.  These 
detectors  can  be  made  to  respond  to  impact  flash,  incendiary  products  and  hydrocarbon 
fires;  they  offer  rapid  response  to  fire  (1-2  ms)  and  are  designed  to  have  a  low  prob¬ 
ability  of  producing  a  false  warning  for  a  wide  range  of  stimuli  (Fig  7) . 

The  atmosphere  of  compartments  such  as  electronics  bays  and  baggage  holds  can  also 
be  Inspected  for  the  presence  of  both  smoke  and  flammables  using  visual,  ionisation  and 
photocell  detectors  with  associated  built  in  sampling  systems  (Fig  8) .  Dilution  of  high 
concentrations  of  contaminants  may  be  afforded  by  re-directing  the  cabin  air  conditioning 
discharge^.  Cockpits  should  preferably  be  maintained  at  positive  pressures  relative  to 
the  cabin  to  delay  smoke  migration  onto  the  flight  deck. 

4.3  Fire  suppression 

4.3.1  Active  dispersal  systems 

Optical  fire  detector  outputs  are  currently  used  to  activate  small  detonators  which 
in  turn  disrupt  the  diaphragms  of  either  pressurised  bottles  containing  vapourised 
extlnguishants  (halons)  or  dry  powder  suppressors  (Fig  9) . 

The  selection  of  an  extinguishant  depends  upon  the  threat  and  compartment  configura¬ 
tion.  Powder  extlnguishants  have  excellent  fire  'knock  down'  and  flariie  inhibiting  quali¬ 
ties  in  smaller  voids,  while  vapour  extlnguishants  offer  good  penetration  and  suppression 
in  larger  spaces  and  persist  longer,  particularly  where  ventilation  is  of  a  low  order. 

For  heavily  congested  voids  vapour  extlnguishants  are  preferred. 
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Extinguishants  are  normally  released  within  5  ms  of  the  projectile  strike  and 
primary  fires  suppressed  within  a  further  10-20  ms.  liapid  response  systems  provide 
inerting  concen\.rations  prior  to  the  fire  gaining  a  firm  hold  and  compartment  break  up 
due  to  internal  shell  burst,  thereby  minimising  the  quantity  of  extinguishant  necessary 
for  suppression. 

4.3.2  Passive  suppression  systems 

Various  plastics  foauns  and  fibrous  structures  have  been  placed  between  aircraft 
skin  and  fuel  tank  surface  to  minimise  the  risk  of  fuel  fires  in  the  associated  voids 
under  combat  conditions.  Low  and  high  density,  flexible  and  semi-rigid,  reticulaited, 
open  and  closed  pore  structures  have  been  investigated.  The  preferred  non-load  bearing 
void  fillers  are  based  on  a  three-dimensional  fibrous  structure  of  melded  polyester  and 
a  reticulated  polyether. 

Firing  trials  have  shown  various  materials  to  be  effective  against  both  inert 
and  incendiary  projectiles  provided  they  completely  fill  the  space,  ie  intimate  material 
contact  between  filler  and  bay  walls. 

Plastics  focims  and  fibrous  structures  are  particularly  suited  to  the  narrow  uncon¬ 
gested  voids  often  found  between  fuel  tanks  and  aircraft  skins. 

'In  situ'  foam  filling  of  voids  during  build  or  as  an  emergency  fit  has  also  been 
considered.  This  method  has  been  shown  to  be  feasible  provided  that  the  surfaces  are 
free  of  conteimination  and  the  voids  contain  no  control  runs  or  other  moving  parts. 

Pressurised  inert  gases  or  extinguishant  vapours  (eg  halogenated  hydrocarbons)  can 
also  be  contained  in  lightweight  packs  located  against  the  fuel  tank  wall,  the  contents 
being  released  by  the  projectile  penetration. 

Various  pack  designs  have  been  investigated  based  on  (a)  drop  stitch  rubberised  or 
plastics  bags  (b)  reticulated  plastics  foam  bonded  onto  a  plastics  bag  and  (c)  inter¬ 
connected  honeycomb  bonded  to  a  plastics  or  metallic  cover. 

Fire  extinguishant  powders  can  also  be  contained  in  thin  lightweight  packs,  the 
selected  powder  being  hermetically  sealed  within  the  pack,  which  is  designed  to  provide 
the  desired  shape  for  maintaining  intimate  contact  with  the  fuel  tank  v;all.  Packs  con¬ 
sist  of  a  thin  small  cell  honeyco.nb  or  flexible  reticulated  core  with  a  plastics  or 
metallic  film  covering.  Honeycomb  panel  dry  bay  structure  Ccin  also  be  powder  filled  to 
provide  protection. 

Powder  packs  are  less  bulky  than  the  vapour  packs  and  the  finely  divided  powder  is 
ejected  from  the  pack  by  the  direct  shock  produced  by  the  projectile/shell  together  with 
any  associated  hydraulic  shock  arising  from  the  fuel  tank  penetration. 

The  choice  of  system  is  dependent  on  many  factors,  particularly  its  effectiveness 
against  the  threat,  also  on  system  weight,  complexity,  reliability  and  maintainability. 

Dry  bay  volumes  and  congestion  are  important  considerations,  see  Table  2. 

5  CRASH  SWITCHES  AND  TRIPS 

Unidirectional,  inertia  operated  crash  switches  are  used  on  military  fighter  and 
transport  aircraft  for  improving  survival  under  crash  conditions.  These  switches  are 
designed  for  horizontal  mounting  and  operate  when  subjected  to  a  foirward  deceleration 
equal  to  or  greater  than  their  selected  'g'  setting.  An  alternative  form  of  crash  switch 
may  be  mounted  at  strategic  positions  on  the  under-surface  of  the  aircraft,  contact  with 
the  ground  operating  a  lever  mechanism  for  switching  purposes. 

Crash  trips  are  also  employed  in  which  physical  deflection  at  some  strategic  point 
of  the  aircraft  structure  will  deform  steel  strips  embodied  in  a  flexible  rubber  tube 
and  provide  the  desired  switching. 

The  operation  of  crash  switches  and  trips  can  be  used  to  Isolate  electrical 
supplies  and/or  flammables  and  to  activate  directly  emergency  systems  including  fire  and 
explosion  suppression  equipment  used  la  power  plants,  fuel  tanks  and  associated  dry  bays. 

6  POWER  PLANT  INSTALLATION 

In  designing  the  power  plant  Installation  for  both  military  and  civil  aircraft, 
careful  consideration  is  given  to  minimising  the  hazards  resulting  from  the  non¬ 
containment  of  engine  debris,  combustion  chamber  flame  break  out,  titanium  and  fuel  fires. 
With  engine  break  up  there  is  also  the  risk  of  fuel  fires  in  voids  or  intank  explosions 
due  to  debris  penetration  and  efforts  are  made  to  optimise  the  engine  positioning  and  to 
locate  sensitive  components  and  circuits  in  safe  areas.  Vital  parts  of  the  engine/fuel 
system  may  be  protected  by  armour. 

On  the  question  of  combustor  chamber  flame  break  out  endeavours  are  made  to  prevent 
the  torching  flame  penetrating  critical  components  such  as  the  fire  wall  or  structural 
members.  In  order  to  provide  a  suitable  fire  barrier,  capable  of  withstanding  the  severe 
torching  flames  (1700°C)  dense,  expensive  and  costly  materials  such  as  tantalum,  zirconium 
ceramic  stainless  steel  coatings  and  mineral  wool  sandwiches  are  used  as  both  heat  shields 
and  deflectors. 


Torching  flames  are  difficult  to  detect  due  to  their  localised  form  (typically 
25  mm  dicimeter)/  however,  thermally  sensitive  loop  systems  and  optical  surveillance  fire 
detectors  are  used  for  this  purpose. 

Titanium  fires  can  also  occur  due  to  engine  break  up  and  blade  rubbing  in  the 
presence  of  high  pressure  airflows;  temperatures  rising  to  3000®C  for  up  to  20  seconds. 
With  the  use  of  titanium  alloys  on  the  increase,  certain  engine  design  precautions  are 
now  being  taken,  in  particular  it  has  been  found  that  the  use  of  titanium  for  both  rotor 
and  stator  blades  can  lead  to  problems  (titanium/titanium  rubbing)  and  the  preferred  use 
of  titanium  is  for  rotating  parts  only.  Protective  materials  (coatings)  are  also  being 
investigated,  these  should  withstand  the  effect  of  molten  debris  and  hot  gases  issuing 
from  a  titanium  fire. 

The  power  plant  installation  is  also  designed  and  operated  to  maximise  the  effect¬ 
iveness  of  the  existing  fire  extinguishing  systems  in  that  ventilation  airflows  are  kept 
low,  zones  are  compartmentalised,  fuel  isolation  valves  fitted  and  blow-off  panels  and 
drainage  holes  provided. 

Engine  and  auxiliary  power  unit  fire  detection  and  suppression  equipments  are 
normally  considered  satisfactory  except  when  engine  break  up  is  not  contained  or  a 
titanium  fire  occurs.  In  the  latter  case  fire  proofing  is  normally  used  to  contain  the 
fire  and  prevent  its  spreading  to  the  airframe  and  fuel  system. 

7  FUTURE  AIRCRAFT  STRUCTURE  AND  SYSTEM  DESIGNS 

7.1  Aircraft  structure  and  fire  hardening 

Increasing  interest  is  being  shown  in  the  introduction  of  "arious  composites  into 
both  military  and  civil  fixed  and  rotary  wing  aircraft  designs  with  a  view  to  saving 
on  weight,  improving  performance  and  economising  on  fuel. 

The  military  interest  is  mainly  centred  in  providing  composite  structures  for  wing 
and  wing  box,  fuselage  panels,  control  rods  and  control  surfaces,  rotors  and  tail  booms 
and  the  civil  interest  in  fairings,  access  panels,  undercarriage  doors,  control  surfaces, 
shrouds  and  cabin  floors. 

Introduction  of  various  composites  into  both  primary  and  secondary  structure  is 
alread;  taking  place  and  weight  savings  of  up  to  20%  are  forecasted.  Incorporation  of 
composites  into  the  aircraft  structure  may  improve  fire  safety  in  that  debris  penetration 
will  be  accompanied  by  minimum  sparking  and  improved  thermal  insulation  provided  for  fuse¬ 
lage  fire  hardening;  however,  extreme  care  must  be  exercised  to  minimise  structure  break 
up  on  Impact  in  orde;  to  limit  fuel  spillage  and  retain  passenger  compartment  integrity. 

Exposure  of  the  composites  to  flame  may  well  result  in  additional  combustion  by¬ 
products  and  further  work  may  be  required  to  assess  these  effects. 

The  maintenance  of  cabin  integrity  is  of  prime  importance  and  consideration  is 
being  given  to  fire  hardening  of  metallic  fuselage  structure  and  transparencies  to  with¬ 
stand  an  external  fire  and  minimise  the  risk  of  burn  through. 

Surface  protection  of  the  fusi’ldge  and  tankage  by  the  application  of  thermal  insu¬ 
lation  including  phenolic  coatings,  intumescent  paints  and  foams  is  considered  to  be 
feasible;  cabin  transparencies  with  improved  fire  resistance  and  structure  integrity  over 
thermoformed  acrylics,  polycarbonates  and  glass  are  being  sought  and  polyether  sulphones 
and  transparent  epoxy  compounds  capable  of  forming  a  hard  tough  surface  char  are  being 
investigated.  Thin  internally  mounted  metallic  covers  may  also  be  used  for  shielding 
transparencies. 

There  is  the  possibility  of  on-board  water  supplies  (utility  services)  '^eing  ducted 
to  cool  transparencies,  escape  shutes  and  fuselage  surroundings  in  critical  areas,  or 
mixed  with  a  fire  fighting  foam  to  clear  a  path  through  the  external  fire  for  occupant 
evacuation,  provided  sufficient  water  can  be  available  at  the  time  of  the  post  crash  fire. 

Improved  structural  volume  efficiencies  are  being  sought  within  both  wing  and  fuse¬ 
lage  for  the  carriage  of  f ue L/passengers  and  the  installation  of  systems.  Ease  of  access 
is  an  important  factor  for  serviceability  but  it  is  stressed  that  every  attempt  must  be 
made  to  segregate  flammables  and  ignition  sources. 

Attention  should  also  be  given  to  designing  the  wing  fuel  tankage  in  a  manner  such 
that  wing  separation  undercarriage  collapse  on  impact  will  provide  minimum  fuel 
spillage. 

7.2  Fuel  and  fuel  systems 

Modification  of  current  jet  fuel  specifications  to  ensure  adequate  future  availabil¬ 
ity  of  aircraft  hydrocarbon  fuels  could  v;ell  result  in  changes  in  aromatic  content,  freeze 
point  and  volatility.  Higher  freeze  points  can  necessitate  bulk  fuel  heating  with 
increased  volatility,  this  together  with  a  lowering  of  flash  point  wil)  increase  the  fire 
risk. 

Turning  from  hydrocarbons,  a  likely  successor  under  consideration  (despite  its  low 
density  and  low  temperature)  is  liquid  hydrogen  in  that  it  is  attractive  from  a  calorific 
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viewpoint.  However,  in  view  of  its  high  volatility,  wide  flammability  range  and  high  rate 
of  flame  propagation  concern  has  been  expressed  as  to  safety  associated  with  the  storage 
and  handling  of  hydrogen  both  on  the  grovuid  and  in  flight. 

It  is  envisaged  that  the  large  and  well  insulated  fuel  tanks  will  dictate  the  overall 
aircraft  design.  Venting  of  the  cryogenic  liquid  from  the  fuel  tankage  would  occur  under 
both  ground  and  flight  conditions  and  efflux  must  be  kept  clear  of  all  ignition  sources. 
Clearance  of  electrical  equipment  for  operation  within  both  fuel  tank  and  associated  dry 
bays  will  demand  more  stringent  testing  than  that  used  for  hydrocarbons. 

Liquid  hydrogen  spillage  from  disrupted  aircraft  tankage  and  pipe  systems  could 
present  a  serious  fire  hazard. 

Turning  to  anti-misting  kerosines  based  on  low  volatility  hydrocarbons,  a  Memorandum 
r  :  Understanding  between  the  USA  and  UK  was  set  up  in  1978  and  this  has  led  to  a  joint 
’ jgramme  based  on  laboratory  and  fullscale  validation  of  PM9  fuel. 

Engineering  problems  still  exist  with  regard  to  degradation  of  the  fuel,  blending 
and  filtration.  However,  problems  with  fine  filters  can  be  avoided  if  fuel  is  sufficiently 
degraded.  Some  degradation  is  essential  from  the  point  of  view  of  heat  exchangers  and 
certain  fuel  system  components. 

The  potential  benefits  of  anti-misting  fuels  (PM9  and  its  derivatives)  are  considered 
to  be  high  since  the  risk  of  a  sustained  fire  occurring  on  aircraft  impact  are  extremely 
low  provided  that  the  fuel  temperature  is  below  the  flash  point. 

The  use  of  anti-misting  fuels  in  current  and  projected  aircraft  is  considered  tech¬ 
nically  feasible  but  cost  effectiveness  studies  have  yet  to  be  undertaken. 

7.3  Hydraulic  fluids  and  hydraulic  systems 

Attempts  are  being  made  to  produce  new  hydraulic  fluids  having  low  flammabilities 
with  a  view  to  further  reducing  the  fire  risk  from  both  spark  and  spontaneous  ignition 
sources. 

In  order  to  reduce  system  weight  and  volume,  studies  are  being  made  on  the  implica¬ 
tions  of  introducing  higher  system  operating  pressures  (20-55  MPa) .  The  introduction  of 
higher  pressures  will  Increase  the  leakage  rate  and  provide  improved  atomisation  of  the 
fluid  released  from  damaged  system  components  and  piping;  this  will  increase  the  fire  risk. 

8  PROTECTIVE  MEASURES,  PENALTIES  AND  EFFECTIVENESS 

Turning  briefly  to  the  various  protective  measures  outlined  in  the  previous  sections, 
crashworthy  fuel  systems  are  being  fitted  to  both  military  and  civil  helicopters  and  light 
aircraft  and  their  use  could  possibly  be  extended  to  cover  larger  transport  aircraft. 

Separate  fuel  system  components  are  available  for  retrofitting  into  existing  fuel 
systems.  Including  self-sealing  breakaway  connectors  and  pipes.  Tank  compartmentation, 
tank  location  and  fuel  management  procedures  including  jettisoning  can  be  arranged  to 
minimise  fuel  spillage  in  the  event  of  an  impact. 

The  crashworthy  fuel  system  is  essentially  dependent  on  the  use  of  flexible  bladder 
type  tanks  (as  opposed  to  integral  wing  tank  construction  normally  employed  in  the  large 
civil  aircraft),  thereby  imposing  a  high  fuel  volume  loss  (up  to  20%)  and  a  severe  weight 
penalty  (up  to  6%  of  the  aircraft  weight) .  Containment  of  fuel  in  selected  vulnerable 
tankage  would  reduce  these  penalties. 

In  the  event  of  a  tank  or  pipe  rupture  anti-misting  kerosine  would  reduce  the  risk 
of  fire  and  investigations  are  continuing  on  both  the  chemical  and  engineering  problems 
associated  with  the  use  of  the  specialised  fuel.  It  is  now  considered  to  be  technically 
feasible  to  employ  these  fuels  in  bo*-h  current  and  projected  aircraft.  Anti-static  fuel 
additives  may  be  used  to  increase  the  conductivity  of  fuel  and  special  bonding  techniques 
employed  w;  >  carbon  composite  constructions  x,o  increase  surface  charge  dissipation  and 
minimise  the  risk  of  electrical  discharges  within  fuel  tankage. 

Explosion  protection  systems  are  being  fitted  to  military  aircraft  covering  fuel 
tankage  and  vent  pipes.  However,  nitrogen  fuel  tank  inerting  (other  than  on-board  separa¬ 
tion  units)  does  incur  logistics  penalties  and  intank  fillers  impose  a  loss  of  fuel  volume 
and  a  subsequent  range  penalty. 

Fire  suppression  systems  can  be  adapted  for  civil  transport  applications  and  extended 
to  cover  areas  other  than  the  power  plant  such  as  fuel  tank  dry  bays,  freight  holds  and 
associated  vulnerable  regions;  but  it  is  stressed  that  the  limited  vjeight  of  extinguishant 
carried  in  flight  will  have  little  effect  on  suppressing  the  post  crash  external  fire  onct 
it  has  gained  a  hold. 

Fire  hardening  of  the  fuselage  structure  in  critical  areas  such  as  emergency  exits 
is  feasible  (with  its  attendant  weight  penalty)  and  improved  fire  resistance  of  trans¬ 
parencies  is  possible. 

However,  when  the  fuselage  is  ruptured  or  apertures  opened  up,  the  products  of  the 
external  fire  combustion  become  a  serious  problem  with  regard  to  passenger  survivability. 
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The  fitment  of  fuel  system  protection  systems  will  undoubtedly  enhance  occupant 
survivability  by  reducing  the  risks  of  fires  and  explosions  whether  initiated  by  spark 
or  spontaneous  igrition  sources  occurring  inflight  or  on  the  ground. 

All  protective  measures  proposed  involve  additional  weight  and  certain  of  these 
also  incur  loss  of  fuel  volume,  maintenance,  servicing,  logistics  and  range  penalties 
(Tables  3  and  4) ,  trade  off  studies  are  essential. 

9  CONCLUSIONS 

Combat  fuel  system  protection  measures  aimed  at  providing  improved  fuel  containment, 
explosion  and  fire  suppression  are  available  for  fitment  to  both  military  and  civil 
aircraft. 

Fuel  containment  and  anti-misting  fuels  could  oe  the  key  factors  in  reducing  dynamic 
fuel  spillage  and  improving  occupant  survivability  in  the  case  of  the  post  crash  fire. 

Fire  hardening  of  the  fuselage  structure  and  improved  fire  resistance  of  trans¬ 
parencies  should  be  examined. 

Aircraft  fire  safety  and  crash  resistance  should  be  taken  into  account  in  the  design, 
of  new  combat  and  civil  transport  aircraft  and  in  the  selection  of  future  fuels. 

Protective  measures  incur  additional  weight  (direct  or  i.ndirect) ,  together  with  other 
associated  penalties  such  as  fuel  volume  loss,  maintenance,  servicing,  logistics  and  oper¬ 
ating  costs. 
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Table  1 


COMPARISON  OF  FUEL  TAMK  EXPLOSION  PROTECTION  SYSTEM  WEIGHTS 


Sys tem 

Principal  of 
operation 

Detail 

Estimated  weights  for  various 
tank  capacities  (kg) 

Main 

disadvantage 

Litres 

100 

250 

500 

2500 

5000 

10000 

Gaseous 

nilrogen 

Oxygen 

reduction 

Titanium  cylinders 

4.9 

7.5 

15.9 

43.3 

59.0 

78.2 

Logistic 

Liquid 

nitrogen 

13.6 

13.6 

13.6 

20.4 

31.5 

50.5 

On  board 
separation 
of  nitrogen 

Molecular  sieve(9%Oj) 

7.3 

7.3 

7.3 

14.6 

Hollow  fibre 

8.4 

8.4 

8.4 

16.8 

Combustor 

gas 

Titanium 

construction 

6.8 

6.8 

6.8 

37.8 

50.2 

113.5 

Complexity 

Halon  1301 

(Pilot 

selection) 

25* 

*  Limited  protection  at 
target  only 

Explosion 

suppression 

Chemical 

inhibition 

1.5 

1.9 

2.5 

12.5 

21 .6 

33.1 

Single  shot 

Reticulated 

polyurethane 

foam 

filling 

Flame 

quenching 

Block  2 

density  30  kg/m'^ 

3.3 

8.3 

16.7 

83.3 

166 

333 

Fuel  volume 
loss 

Block  2 

density  16  kg/m 

1.8 

4.4 

8.8 

44.0 

88 

176 

Hollow  balls 

6,4  cm  dia 

16  kg/m^ 

1.0 

2.4 

4.8 

24.2 

48.5 

97 

Melded 

fibrous 

structure 

filling 

Block  2 

density  8.5  kg/m"’ 

0.9 

2.3 

4.7 

23.4 

46.8 

93.5 

Cubes  (60  mm) 

85X  V  fill 

0.7 

1.8 

3.6 

18.1 

36.1 

72.3 

Note:  No  allowance  made  for  fuel  denial  and  engine  bleed  penalties. 


Table  2 

DRY  BAY  FIRS  SUPPRESSION  SYSTEMS 


Passive  system 

Detail 

Applicability 

Dry  bay  fillers 

Foamsand  fibrous  structures 

Melded  polyester 
Reticulated  polyether 
Rigid  polyurethane 

Uncongested  voids 
with  gap  widths 
up  to  50  mn 

Powder  packs 

Honeycomb  or  reticulated 
cores  with  powder  infill 

Uncongested  voids 
with  gap  widths 
up  to  300  mm 

Vapour  packs 

Honeycomb  or  reticulated 
cores  with  halon  infill 

Uncongested  voids 
with  gap  widths 
up  to  150  mn 

ACTIVE  SYSTEM 

Detectors  and  extinguishers 

Optical  fire  detectors 
or  piezo-electric 
hydraulic  pressure 
sensors, output  to 
pressuri'cu  extinguisher 
or  dry  powder  suppressor 

Dispersal  systems 
maybe  tailored  to 
suit  both  narrow 
and  larger  voids 
considered 
unsuitable  for 
passive  systems 

Table  3 


FUEL  SYSTEM  PROTECTION  WEIGHTS 


Aircraft 

type 

Fuel 

capacity 

(litres) 

Estimated  weights  (kg) 

Crashworthy 
fuel  system 

Explosion  protection 

Fire  suppression 

Foam  filling 

Molecular 
sieve/hollow  fibre 

Active 

Passive 

S||l 

450 

15  (5)* 

mm 

10.2  (0) 

2 

1 

600 

30 

Medium 

950 

35  (24) 

13  (33) 

10 

1 

1400 

10.2  (0) 

1900 

44 

Heavy 

4000 

44  (138) 

30.6  (0) 

26 

22 

Combat 

aircraft 

Ground  attack 

4000 

44  (138) 

20 

3 

Strike 

7000 

80  (240) 

42 

10 

Civil 

transport 

Small 

14000 

1 

1 

130  (480) 

Medium 

40000 

1670 

370  (1380) 

Large 

193000 

H 

1800  (6660) 

*  Estimated  fuel  tank  capacity  loss  (litres)  shovm  in  brackets 


Table  4 

FUEL  SYSTEM  PROTECTION  -  LIMITATIONS  AND  PENALTIES 


Protected  item 

Protection  method 

Limitation  and  penalties 

FuselageA^ing 

structure 

Fire  hardening  with  surface  pro¬ 
tective  coatings. 

Area  of  application  severely  limited  due  to  attendant 
weight  penalty. 

Dry  bays/ 
cargo  holds 

Fire  suppression  with  active/ 
passive  systems. 

Maintenance  and  servicing  penalties. 

Fuel  tankage 

Explosion  protection  with  inert 
gases  and  intank  fillers. 

System  effectiveness  dependent  on  aircraft  operational 
profile,  logistics  penalties  occur  with  systems  other 
than  on  board  gas  generation. 

Intank  fillers  result  in  fuel  volume  loss  and  intank 
servicing  penalties. 

Fuel  piping 
and  fuel  con¬ 
tainment 

Vent  flame  suppressicn  with 
flame  arrestors. 

Crashworthy  fuel  systems  and 
multicellular  tankage. 

Care  must  be  taken  to  avoid  undue  pressure  drop  due 
to  ice/debris  blockage. 

Flexible  tanks  incur  fuel  volume  loss  as  cos^ared  with 
integral  tanks.  Multicellular  construction  increases 
system  complexity. 

Ftiel  fypp 

Anti-srfltir  And  Anri-misting 
fuel  additives* 

rnmpatihi 1i ty  with  fuel  system  is  essential  under  all 
operating  conditions.  Power  requirements  for 
degrading  safety  fuels  and  increased  cost  may  be 
significant  factors. 

Power  plant 

Fire  detection  and  suppression. 

Debris  containment  with  armour. 

Extension  of  the  current  systems  and  possible  improve¬ 
ments  will  involve  maintenance  and  servicing  penalties. 
Care  must  be  taken  to  avoid  false  warnings .- 

Area  of  application  of  armour  severely  limited  due  to 
attendant  weight  penalty. 

Fuselage 


Plastics  backing  board 


Self-sealed  bag  tank 

/ 


Airspace 

void 


Fuselage  self -sealed  bag  installation 


Impact 


flashes 


!t 


Airspace 

void 

Wing 

integral  tank  installation 

Fig  3 

Fuel  tank  internal  explorion 

FIREWORTHINESS  OF  TRANSPORT  AIRCRAFT  INTERIOR  SYSTEMS 


John  A.  Parker  and  o.  A.  Kourtides 
National  Aeronautics  and  Space  Administration 
Ames  Research  Center 
Moffett  Field,  California  9403S 


SUMMARY 

This  paper  presents  an  overview  of  certain  aspects  of  the  evaluation  of  the  fireworthiness  of  air 
transport  interiors.  First,  it  addresses  the  key  materials  question  concerning  the  efieot  of  interior 
systems  on  the  survival  of  passengers  and  crew  in  the  case  of  an  uncontrolled  transport  aircraft  fire. 

Second,  it  examines  some  technical  opportunities  that  are  available  today  through  the  modification  of 
aircraft  interior  subsystem  components,  modifications  that  may  reasonably  be  expected  to  provide  improvements 
in  aircraft  fire  safety.  Cost  and  risk  benefits  still  remain  to  be  determined.. 

Space  permits  only  the  discussion  of  three  specific  subsystem  components;  interior  panels,  seats,  and 
windows.  By  virtue  of  their  role  in  real  fire  situations  and  as  indicated  by  the  results  of  large-scale 
simulation  tests,  these  components  appear  to  offer  the  most  immediate  and  highest  pay-off  possible  by 
modifying  interior  materials  of  existing  aircraft.  These  modifications  have  the  potential  of  reducing  the 
rate  of  fire  growth,  with  a  consequent  reduction  of  beat,  toxic  gas,  and  smoke  emission  throughout  the 
habitable  interior  of  an  aircraft,  whatever  the  initial  source  of  the  fire.  It  will  be  shown  that  these 
new  materials  modifications  reduce  the  fire  hazard  not  only  because  of  their  unique  ablative  properties, 
which  help  to  contain  or  isolate  the  fire  source,  but  also  because  there  is  a  significant  reduction  in 
their  characteristic  flame  spread,  heat  release,  and  smoke  and  toxic  gas  emissions. 


SURVIVABILITY  CRITERIA  FOR  AIRCRAFT  FIRES 

Significantly  destructive  fires,  which  have  been  encountered  by  transport  aircraft,  can  be  classified 
generally  into  three  kinds  (fig.  1):  the  in-flight  fire,  the  ramp  fire,  and  the  survivable  postcrash  fire. 
Historical  surveys  taken  over  periods  of  10  to  IS  years  for  a  variety  of  aircraft  under  a  wide  range  of 
operating  conditions  have  shown  that  the  postcrash  fire  accounts  by  far,  perhaps  by  a  factor  of  10,  for 
most  of  the  aircraft  fire  deaths.  As  indicated  in  figure  1  for  a  270  passenger  aircraft,  the  probable 
interaction  of  the  37,000  to  75,000  liters  of  jet  fuel  and  ignition  sources  generated  by  damaged  engines 
produces  a  fire  source  that  interacts  with  the  airframe  and  then  with  the  interior  systems  to  introduce 
the  survivability  fire  parameters  listed  in  the  figure.  '!he  in-flight  fire,  whatever  its  source,  can 
interact  directly  with  the  interior  subsystems  to  ignite  and  cause  them  to  burn. 

It  is  a  basic  premise  of  all  subsequent  arguments  that  any  vehicle  interior  will  become  a  totally 
lethal  environment  if  the  fire  source  is  large  enough.  It  is  also  tacitly  assumed  that  any  and  all  material 
subsystems  of  an  aircraft  interior  comprising  organic  polymeric  materials  (as  shown  as  fuel  load  in  fig.  1) 
can  also  contribute  by  means  of  (or  may  be  limited  by  the  fire  parameters  shown)  to  the  formation  of  a 
lethal  environment  if  the  fire  source  and  fire  growth  rate  are  sufficiently  large.  It  is  reallv  unimportant 
when  considering  the  flammability  of  the  aircraft  interior  whether  the  fire  source  derives  from,  for  example, 
the  ignition  of  spilled  fuel,  a  cargo  bay  fire,  or  arson.  What  is  important,  however,  is  how  flammable 
the  interior  subsystems  are  and  how  large  a  fire  source  is  encountered.  Effects  of  crash  impact  on  human 
survivability  and  of  vehicle  crashworthiness  on  the  growth  of  the  fuel  fire  have  not  been  considered  in 
this  paper.  Only  the  time  rate  of  change  in  cabin  temperature  and  the  concurrent  release  of  smoke  and  toxic 
gas  from  the  combination  of  the  fire  source  and  the  fire  involvement  of  the  interior  have  been  considered  as 
significant  factors  in  establishing  allowable  egress  times  for  passengers  and  crew  members.  It  has  been  a 
goal  of  NASA's  "FIREMEN"  program  to  improve  the  allowable  egress  time  by  a  factor  of  2,  that  is,  from  2.S 
to  5  min,  by  modifying  the  materials  used  in  aircraft  interior  subsystems  to  better  understand  the  conditiors 
imposed  by  postcrash  fuel  fire  sources. 

The  ground  rules  of  the  SAFER  Committee  (ref.  1)  excluded  the  in-flight  fire  case  from  considerations. 
This  limited  somewhat  their  specific  recommendations  concerned  with  the  fireworthiness  of  aircraft  interior 
systems,  such  as  toxic  fume  hoods,  and  fire-fighting  methods.  The  Federal  Aviation  Regulation  (FAR)  burner 
flammability  test  remains  as  a  recommendation  which  all  must  agree  has  not  been  related  to  materials  aircraft 
fire  safety.  It  is  reasonable  to  infer  from  the  foregoing  that  once  an  interior  system  has  been  ignited 
with  a  sufficient  fire  source  that  the  survival  time  for  the  in-flight  case  can  be  closely  related  to  the 
allowable  egress  time  in  the  postcrash  fire. 

The  .SAFER  Committee  has  postulated  that  the  evidence  from  aircraft  fire  death  statistics  makes  in-flight 
fires  relatively  insignificant  and  that  only  postcrash  fires  deserve  immediate  attention.  Postcrash  fires 
cause  about  30  deaths  per  year;  recent  congressional  testimony  (ref.  2)  suggests  that  there  have  been  over 
300  fire  deaths  in  in-flight  fires  since  1969.  About  419  fatalities  are  attributed  to  survivable  postcrash 
fires  during  the  iQfiQ_i978  period  according  to  the  same  testimony.  This  recent  record  of  in-flight  events 
should  moderate  an  exclusive  interest  in  postcrash  fires.  SAFER  made  two  other  assumptions-  (1)  that  the 
principal  fire  source  in  aircraft  fire  deaths  in  that  arising  from  ignition  of  a  misted-fuel  cloud  resulting 
from  tank  rupture  during  impact;  and  (2)  that  the  heat,  smoke,  and  toxic  gases  produced  by  the  burning  fuel 
are  principal  factors  in  the  formation  of  a  lethal  cabin  environment.  One  might  conclude,  after  considering 
these  two  assumptions,  that  the  fireworthiness  of  aircraft  interiors  may  be  a  matter  of  little  concern  in 
most  cases,  and,  indeed,  current  activities  with  antimisting  kerosene  (AMK)  correctly  refjcct  this  hypothesis 
and  dominate  the  SAFER  recommendation.  SAFER,  however,  did  endorse  full-scale  simulation  of  survivable 
postcrash  fires,  using  a  C-133,  as  a  means  of  assessing  the  role  of  the  fuel  fire  on  human  survivability, 
Recent  results  from  C-133  tests  (to  be  discussed  below),  reported  in  reference  3,  seem  to  indicate  that 
the  flammability  of  interior  systems  may  be  the  principal  factor  in  the  allowable  egress  time, even  in  the 
postcrash  fire.  Detailed  analysis  of  the  fireworthiness  of  transport  aircraft  accidents  (ref.  4)  indicates 


that  under  many  conditions  the  flammability  of  interior  systems  may  be  significant  in  postcrash  as  well  as 
in-flight  aircraft  fires.  Recent  fires  in  both  rapid  ground  transportation  and  transport  aircraft  suggest 
that  under  the  appropriate  conditions,  vehicle  interiors  are  destructively  flammable,  independent  of  the 
nature  ot  the  large  fire  source., 

INTERIOR  SYSTEMS  FROM  A  FIRE  POINT  OF  VIEW 

There  are  two  identifiable,  jistinct,  and  separate  thermochemical  mechanisms  by  which  interior 
material  systems  can  interact  with  a  given  fire  source.  These  mechani.sms  have  been  defined  in  this  paper 
as  fire  isolation  (containment)  and  fire  involvement.  The  first  interaction  depends  only  on  the  ablation 
efficiency  of  the  material  subsystem  component;  the  second  depends  on  combustion  mechanisms  that  have  been 
shown  to  depend  on  the  pyrolysis  vapor  production  rate  and  on  the  composition  of  the  pyrolysis  gases. 

Neel  et  al.  (ref.  S)  have  demonstrated,  in  a  full-scale  test  with  an  intact  C-47  fuselage,  that  the 
lethal  effects  of  a  complete  bum  with  an  18,92S-liter  fuel  fire  source  can  be  completely  excluded  from 
the  aircraft  interior  by  means  of  a  lightweight  organic  ablative  foam  applied  to  the  aircraft  i.i'  -rior 
skin.  No  protection  from  fire  penetration  is  provided  by  current  plastic-bagged  fuselage  insulation.  At 
present  this  ablative  insulation  systems  approach  has  not  been  found  practical  by  aircraft  manufacturers. 
Kourtides  et  al.  (ref.  6)  have  demonstrated  in  full-scale  fire  containment  tests  against  simulated  fuel 
fire  sources,  that  ablative  foams  or  honeycomb  fillers  and  edge  closeouts  can  effect  as  much  as  a  fivefold 
improvement  in  the  fire  containment  capacity  of  various  kinds  of  aircraft  panels,  such  as  ceilings, 
lavatories,  and  cargo  bays,  while  at  the  same  time  maintaining  the  required  structural  strengths  without 
an  appreciable  weight  penalty. 

Here  then  is  a  simple,  available,  and  producible  new  kind  of  aircraft  panel  concept  ready  for  appli¬ 
cation.  It  is  believed  that  inert  ablation  efficiency  of  these  new  panel  systems  may  be  particularly 
effective  in  controlling  fires  in  unattended  areas  of  the  aircraft.  One  need  only  optimize  (modify  the 
foam  density)  the  ablation  efficiency  of  these  panel  structures  to  provide  the  required  containment  times 
to  a  designed  back-face  temperature,  probably  about  200°C  for  the  expected  heat  load  from  probable  fire 
sources.  Specific  examples  of  applying  the  ablative  fire-containment  method  to  the  fire-blocking -layer 
concept  in  aircraft  seating  and  window  systems  will  be  described  further  in  this  paper. 

Fire  involvement,  largely  dependent  on  material  pyrolysis  and  flammability,  is  a  somewhat  separate 
matter  from  ablative  fire  containment.  Fire  involvement  comprises  the  interaction  of  a  number  of  factors 
that  contribute  to  the  generation  of  lethal  cabin  conditions  -  ease  of  ignition,  flame  spread  rate,  heat 
release,  and  smoke  and  toxic  gas  emis*'ion.  All  of  these  factors  interact  cooperatively  to  reduce  the 
probability  either  of  passengers  escaping  or  surviving  when  trapped.  These  properties  depend  or.  the 
thermochemical  properties  of  the  basic  polymer  out  of  which  the  component  has  been  constructed  as  well  as 
on  the  size  and  intensity  of  the  applied  fire  source.  Unfortunately,  most  usual  laboratory  flammability 
tests  (ref.  7)  have  been  carried  out  at  cold-wall  radiant  heating  rates  of  2.5  or  less.  As  will  be 

discussed  below,  it  has  been  found  that  the  combustible  vapor  production  rate  at  the  wall  of  the  material 
is  the  controlling  rate  process  for  all  of  the  fire  involvement  factor.  This  controlling  rate  is  an 
intrinsic  property  of  the  material  and  of  the  applied  heating  rate.  A  heating  rate  of  2.5  W/cm^  is  much 
too  low  to  characterize  materials  in  the  usual  fire  environment,  in  which  case  heating  rates  are  found  to 
vary  from  as  little  as  0.5  W/cm^  to  as  much  as  14  W/cm'’-. 

A  typical  example  of  an  aircraft  panel  construction  is  shown  in  figure  2.  Current  films,  inks,  sub¬ 
strate  films,  and  face  sheets  are  made  up  of  as  much  as  25%  of  contemporary  materials  of  low  char  yield 
polymers  (to  be  explained  below).  They  are  characterized  in  terms  of  ease  of  ignition  by  the  standard 
limiting  oxygen  index  test  with  values  from  16  to  23  (percent  oxygen  in  the  ignition  mixture  required  for 
sustained  burning  with  an  ignition  source  of  about  1-2  W/cm^) .  One  should  expect  them  to  bum  in  air  under 
the  sustained  fire  impact  of  less  than  2  K/cm^  and  to  bum  with  increasing  rates  as  the  fire  source  is 
increased. 

Standard  panels  of  this  kind  were  evaluated  by  Parker  et  al .  (ref  8)  in  a  full-scale  lavatory  mock-up 
using  a  2.5-kg  hydrocarbon  fuel  source,  with  unrestricted  ventilation.  The  fire  source  burned  for  about 
10  min,  with  an  average  peak  heating  rate  of  about  8  W/cm^,  typical  of  a  moderate  aircraft  trash  fire.  The 
lavatory  panels,  when  exposed  to  this  critical  size,  lead  to  flashover  which  produces  a  totally  lethal 
environment  in  different  size  structures  with  different  materials. 

It  was  concluded  from  these  tests  that  the  high  vapor  production  rate  for  low-char-yield  materials 
comprising  the  decorative  surf  ices  and  face  sheets  coupled  with  this  critical  fire  size  combined  to  achieve 
this  fatal  condition.  Charact Jrization  of  the  survivability  at  fire  sizes  with  this  lavatory  system  at 
less  than  the  critical  flash. \er  fire  size  seems  to  depend  on  all  the  factors  listed  above  that  describe 
the  total  fire  involvement. 

Currently,  attempts  are  being  made  to  arrive  at  a  "combined  hazards  index"  or  CHI  (ref.  9)  comprising 
the  lethality  of  a  material  exposed  to  a  fire  source  less  than  the  flashover  critical  size;  the  index  would 
combine  the  rate  of  heat  released,  the  smoke  obscuration,  and  time  to  incapacitation  due  to  toxic  gas 
emissions.  So  far  this  has  required  very  complex  testing,  involving  animal  exposures,  variable  heating 
rates,  and  complex  computer  data  reduction  for  fire  models  which  depend  on  vehicle  geometry  and  a  presupposed 
fire  scenario. 

What  is  needed  is  a  simple  test  for  materials  suppliers  and  users  alike  which  would  permit  the  selection 
of  polymeric  components  for  design  and  construction  of  system  components  on  the  basis  of  the  components' 
enhancement  of  survivability  in  an  aircraft  fire.  Par  er  and  Winkler  (ref.  10)  showed  earlier  in  1967  that 
the  anerobic  char  yield  could  be  estimated  from  the  polymer  structure  and  the  cross-linking  reactions  of 
the  polymer  at  elevated  temperature! .  It  may  be  safely  inferred  from  the  foregoing  that  the  tools  exist 
with  which  to  design  and  synthesize  polymers  with  any  set  or  limiting  set  of  fire -involvement  properties 
that  the  application  demands. 


5-3 


Later,  Kourtides  (ref.  U)  and  van  Krevelen  (ref,  12)  showed  that  these  char-yield  rules  could  also 
be  applied  to  calculating  the  limiting  oxygen  index  (LOI)  of  thermoplastics  in  addition  to  the  thermoset 
system  described  by  Parker  and  Winkler  (ref.  10).  Kourtides  et  al.  (ref.  13)  took  advantage  of  this  rule 
by  developing  criteria  for  selecting  thermoplastic  molding  components  of  aircraft  applications  by  correla¬ 
ting  a  linear  combination  of  fire  involvement  properties  with  the  measured  anaerf'bic  char  yield.  It  was 
also  found  that  when  atoms  such  as  chlorine,  bromine,  sulfur,  fluorine,  or  nitrogen  are  contained  in  the 
polymer,  a  simple  correction  in  the  proportionally  constant  relating  char  yield  to  LOI  could  account  for 
the  variation  in  flammability  properties  of  the  neat  polymer.  As  far  as  polymer  selections  are  concerned. 
Fish  and  Parker  (ref.  14),  first  showed  that  as  long  as  the  polymer  did  not  melt  and  flow  (as  do,  for 
example,  epoxides,  urethanes,  and  phenolics)  all  of  the  significant  fire  involvement  properties  of  the 
bulk  polymers,  -such  as  flame  spread  rate,  ease  of  ignition,  smoke  obscuration,  and  toxic  gas  production, 
vary  in  a  regule..-  way  (usually  linearly)  with  the  vapor  p.'oduction  rate  of  the  polymer  being  heated. 

Moreover,  Fish  and  Parker  showed  that  this  relative  vapor  production  rate  can  be  accurately  determined  by 
the  simple  thermogravimetric  analysis  of  the  anaerobic  char  yield. 

In  figure  3  it  can  be  seen  that  the  simple  and  single  value  of  the  char  yield  can  readily  be  used  to 
rank  the  fire  involvement  characteristics  of  individual  polymers  for  selection  of  candidates  for  the  fab¬ 
rication  of  interior  system  components.  It  turns  out  that  the  materials  flammability  properties,  such  as 
net  heat  released  and  the  amount  of  smoke  and  gas  generated  at  a  fixed  heating  rate  (radiative  cold  wall), 
are  all  unique  and  regular  functions  of  this  easily  measured  or  calculated  anaerobic  char  yield  value. 

It  should  be  pointed  out,  however,  that  what  one  is  concerned  with  in  estimating  the  probability  of  sur¬ 
vivability  IS  the  rate  of  the  production  of  these  lethal  products. 

Even  though  the  char  yield  as  defined  is  more  or  less  independent  of  the  applied  heating  rate,  the 
rate  of  char  formation  and  the  related  flammability  properties  are  determined  by  the  ablation  rate,  which 
in  turn  increases  with  increasing  heating  rate.  Because  the  material  will  encounter  a  variable  heating 
rate,  depending  on  scenario,  SAFER  (ref.  1)  has  recommended  that  these  relative  rates  should  be  determined 
in  the  Ohio  State  heat-release  calorii.cter,  in  which  the  heat  release  and  other  rates  can  be  measured  at 
variable  heating  rates.  Presumably  these  rates  then  can  be  used  to  construct  any  desired  heating  rate 
curve  to  estimate  the  time-dependent  rates  of  heat,  smoke,  and  gas  production.  Since  these  rates  may  be 
expected  to  vary  with  the  thermal  history  of  the  sample  and  with  the  nature  of  the  flame  chemistry,  we  have 
preferred  to  use  a  propane  burner;  the  burner  can  accurately  simulate  the  actual  time-dependent  heating  rate 
functions  with  a  reasonable  simulation  of  the  fire-source  flame  chemistry.  Initial  screening  of  samples 
may  be  done  with  radiant-panel  sources  at  a  fixed  average  heating  rate  at  S-10  W/cm^.  The  measured  rates 
in  radiant-panel  tests  related  to  a  real  and  variable  heat  source  can  be  determined  by  a  propane  gas  burner 
preprogrammed  to  simulate  the  time-dependent  heating  rate  encountered  with  a  real  fire  source.  For  most 
cases  that  involve  the  fuel  fire  sources  encountered  in  aircraft  fires,  the  flammability  of  materials  systems 
can  be  compared  by  means  of  a  radiant  panel  providing  an  average  heating  rate  of  5-8  W/cra^,  with  pilot 
flame  ignition..  These  results  can  be  correlated  with  the  measured  anaerobic  char  yield,  which  usually  gives 
a  reasonable  measure  of  the  combined  hazard  index.  Correlations  with  char  yields  have  been  reported  in  many 
studies,  and  Hilado  et  al.  (ref.  15)  have  stated  that  this  method  is  adequate  in  90%  of  the  cases  studied. 

On  a  char  yield  scale  from  zero  (polymethylmethacrylate)  to  100  (graphite),  roost  contemporary  aircraft 
materials  are  rated  at  less  tlian  23,  whereas  the  advanced  materials  offered  in  this  paper  all  have  values 
greater  than  35.  The  latter  are  virtually  nonflammable  in  air  and  produce  little  or  no  smoke  or  toxic  gas. 

The  ablation  efficiency  in  the  fuel-fire  environment  of  bulk  polymers  and  their  component  derivatives  is 
a  different  matter,  as  shown  in  figure  3.  In  this  case  the  ablation  efficiency  increases  with  increasing 
char  yield  from  about  23%  to  about  50%,  after  which  it  decreases  abruptly.  Although  most  of  the  flammability 
properties  continue  to  decrease  at  char  yields  greater  than  50%,  it  has  been  found  that  materials  with  cnar 
yields  between  45%  and  60%  give  the  best  combination  of  fire  containment  and  fire  involvement  properties. 
Since  it  is  probably  true  that  the  ablation  efficiency  is  the  principal  parameter  that  governs  the  change 
in  heat  release,  smoke,  and  toxic  gas  production  rates,  as  these  rates  vary  with  applied  heating  rate,  it 
is  not  surprising  that  the  polymers,  such  as  phenolics,  bismaleimides,  and  others  with  char  yields  in  the 
range  of  45  to  60,  show  very  low  rates  that  change  very  little  over  an  applied  heating  rate  range  from 
3  to  10  W/cm^.  If  it  were  possible  to  restrict  the  choice  of  advanced  aircraft  siaterials  to  this  char 
yield  range,  which  gives  the  best  combination  of  fire-resistant  properties,  correlation  of  existing 
laboratory  tests  with  full-scale  performance  would  be  highly  simplified. 

A  rather  simple  correlation  of  the  fire  ablation  efficiency  of  experimental  aircraft  panels  in  which 
the  face  sheets  have  been  modified  by  choosing  high  char  yield  resins  is  shown  in  figure  3.  The  test  method 
has  been  described  by  Riccitiello  et  al.  (ref.  16).  Here,  comparable  panels  are  exposed  to  a  combined 

radiant  and  convective  source,  which  has  been  found  to  correlate  well  with  a  full-scale  fuel  test.  In  the 

figure,  the  time  to  back-face  tenrjierature  rise  has  been  plotted  as  a  function  of  the  exposure  time  in 
seconds.  The  time  required  to  reach  a  back-face  temperature  of  200°C  has  been  selected  to  complete  the 
relative  fire  ablation  efficiencies  of  the  candidate  panels.  It  can  be  seen,  as  anticipated  by  the  general 
trend  in  fire  ablation  efficiency  of  the  face-sheet  matrix  resin  composites,  that  the  low-char-yield  epoxies 
and  the  highcst-char-yield  conventional  polyimides,  with  char  yields  of  23%  and  70%,  respectively,  gave 
the  shortest  times  to  back -face  temperature  rise  to  200'’C;  the  bismaleimides  and  phenolics  with  char  yields 
of  the  order  of  45%  to  60%  gave  the  best  performance. 

Candiate  phenolic  and  bismaleiraide  panels  selected  from  this  screening  study  were  evaluated  by 
Williamson  (ref,  17),  in  full-scale  fire -containment  tests  in  which  a  variable  propane  burner  was  used  to 
simulate  the  effect  of  actual  burning  of  aircraft  trash  bags.  It  was  found  that  the  best  fire  retarded 

epoxy  panels  as  baseline  with  face-sheet  resin  char  yields  of  23%  reached  a  back-face  temperature  of  200”C 

in  about  5  min,  whereas  the  bismaleimide  and  phenolic  panels  with  a  peak  heating  rate  of  6.5  W/cm^  contained 
the  simulated  fire  for  as  much  as  15  min  at  a  back-face  temperature  of  200'’C. 

On  the  basis  of  these  tests,  a  full-scale  wide-body  transport  lavatory  was  fabricated  of  phenolic 
panels  (fig.  4).  The  fire-containment  capability  of  this  lavatory  with  the  door  closed  and  with  the  normal 
ventilation  rate  was  evaluated  in  the  Douglas  cabin  fire  simulator  (CFS) .  A  sustained  fire,  which  reached 
a  peak  heating  rate  of  12  W/cm^  in  10  min,  was  started  in  the  lavatory,  using  simulated  aircraft  trash.  The 
fire  burned  itself  out  in  about  1  hr.  The  effect  of  the  fire  on  the  lavatory  is  shown  in  figure  4..  The 
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only  evidence  of  any  lack  of  containment  is  shovm  in  the  figure  as  a  slightly  scorched  area  along  the  door 
edge.  It  is  believed  this  slight  fire  penetration  was  a  result  of  the  limited  fire  containment  of  a  small 
amount  of  polyurethane  foam  used  at  the  edge  of  the  door,  a  problem  that  can  be  easily  corrected  by  replacing 
the  polyurethane  with  phenolic  foams.  The  slight  damage  did  not  propagate  the  fire.  Otherwise  the  panels 
did  not  bum  through  or  reach  back-face  temperatures  in  excess  of  200'’C  over  most  of  their  surfaces. 

No  significant  toxic  gas  was  observed  in  the  adjacent  cabin  area,  as  evidenced  by  the  survival  there 
of  an  animal  (rat)  test  subject.  A  completely  survivable  environment  existed  within  the  cabin  for  1  hr; 
animal  subjects  survived  that  period  without  adverse  effects. 

It  can  be  concluded  that  the  panels  fabricated  from  the  phenolic  resins  did  csi  adequate  job  in  con¬ 
taining  a  substantial  compartment  fire.  However,  the  fact  that  most  of  the  lavatory  outer  surface  did  not 
reach  the  design  temperature  of  200°C  suggests  that  the  fire  protection  ablative  system  was  not  fully 
exploited  in  this  test.  It  is  clear  from  various  studies  that  the  bum  times  and  peak  heating  rates  are 
controlled  by  the  ventilation  rate  and  the  amount  of  fuel  and  its  distribution  in  the  compartment.  One  might 
say  that  the  size  of  the  fire  in  the  test  (fig.  4)  was  conservative.  The  simulation  results  with  the 
propane  gas  burner  support  a  conclusion  ♦hat  these  panels  could  be  expected  to  contain  a  compartment  fire 
of  a  much  greater  severity  for  3  to  5  times  as  long  as  the  standard  epoxy  panels.  The  phenolic  panels 
should  be  able  to  provide  a  margin  of  safety  at  least  3  times  greater  than  the  epoxy  panels.  This  is 
especially  important  since  similar  panel  construction  is  used  throughout  the  aircraft  interior  where  more 
fire  sources  (postcrash  fires)  may  be  encountered,  for  example,  in  cargo  bays  and  side  wall  and  ceiling 
panels . 

The  effects  of  face-sheet  matrix  resin  type  on  the  time  required  for  complete  fire  involvement  in  a 
simulated  cabin  compartment  were  evaluated  in  a  large-scale  flashover  fire  test  facility  (fig.  S) .  A 
flashover  fire  test  facility  was  constructed  as  a  modification  of  the  comer  test  described  by  Williamson 
(ref.  17).  A  ceiling  extension  panel  constructed  of  the  same  materials  as  the  wall  panels  was  included. 

The  propane  burner  shown  in  the  comer,  which  had  been  calibrated  with  aircraft  trash  bags  by  metering  the 
propane  gas  flow,  was  used  as  a  fire  source.  The  heating  rate  changes  with  time,  as  measured  by  calorimeters 
installed  in  the  walls  and  ceiling,  duplicated  those  of  the  aircraft  trash  bags.  An  arbitrary  flash-over 
criterion  was  adopted  as  the  time  for  the  center  ceiling  thermocouple  No.  57  to  reach  S00°C.  In  a  baseline 
test  with  Transite  (noncombustile  and  thermally  inert),  SOO°C  was  reached  in  about  2  min;  this  value  is 
represented  in  figure  6  as  T3.  With  ceilings  and  wall  panels  constructed  of  standard  epoxy,  the  critical 
temperature  of  SOO^C  was  reached  in  less  than  30  sec  (TO)  as  obseirved  on  thermocouple  No.  57,  the  process 
being  accompanied  by  large  amounts  of  dense  smoke,  shown  in  a  separate  test,  to  be  largely  due  to  the  epoxy 
resin  component  of  the  panel.  Next,  a  fire  retardant  epoxide  panel  was  evaluated  which  extended  the 
flashover  time  to  more  than  50  sec  (Tl),  As  expected  with  fire-retardant  additives,  enormous  amounts  of 
dense  black  smoke  were  generated  from  these  panels  almost  immediately,  but  the  flashove-  time  was  extended 
by  a  factor  of  2. 

Similar  constructions  were  tested  using  the  same  phenolic  and  bismaleimide  panels  as  those  used  in 
the  fire-containment  tests  described  by  Williamson  (ref.  17)  using  the  same  fire  scenario.  Very  little 
smoke  was  observed  in  either  test.  The  phenolic  panels  gave  a  ceiling  temperature  of  SOO'C  in  60  sec  (T2), 
and  the  bismaleimide  gave  a  flash-over  time  greater  than  90  sec  (T3) ,  the  bismaleimide  panel  being  somewhat 
less  resistant  to  total  involvement  than  the  inert  Transite  panels.  In  this  test,  an  improvement  by  a 
factor  of  3  for  the  time  to  full  fire  involvement  was  observed  in  comparing  the  state-of-the-art  epoxy  panel 
with  the  advanced  bismaleimide  panel;  moreover,  there  was  virtually  no  smoke  obscuration.  It  remains  to  be 
seen  if  a  similar  relationship  will  hold  for  full-scale  testing  of  these  advanced  panels  in  the  C-133, 

It  is  of  interest  to  see  if  the  flashover  times  in  this  test  can  be  correlated  with  the  anaerobic  char 
yields  of  the  constituent  resins  and  the  respective  oxygen  indices.  A  best  correlation  was  obtained  by 
plotting  the  product  of  the  time  to  flasnover,  T,  and  the  applied  heating  rate  observed  at  that  time  due  to 
the  burner  fire  source,  as  a  function  of  the  observed  anaerobic  char  yield  or  limiting  oxyen  index.  The 
change  in  the  shape  of  the  fire  response  curve  approaches  the  limit  for  the  inert  Transite.  It  is  interesting 
to  note  that  the  intermediate  char-yield  materials,  the  bismaleimide  and  the  phenolic  (45-60%),  show  the  same 
relative  ranking  in  this  test  as  that  observed  in  the  fire-containment  case.  This  suggests  that  not  only 
the  char  yield  but  also  the  fire  ablation  rate  of  char  formation  (slower  in  the  case  of  the  bismaleimides 
at  these  heating  rates)  are  factors  in  the  time  required  for  full  fire  involvement.  Even  though  both  face- 
sheet  matrix  resin  systems  produce  little  observable  smoke  and  presumably  low  levels  of  toxic  gas,  the  best 
panel  as  determined  in  both  fire-containment  and  fire-involvement  studies  seems  to  be  the  one  derived  from 
the  bismaleimide. 

At  present,  the  phenolic  resin  system  is  the  one  of  choice  mainly  due  to  resin  costs  and  processibility. 
Anderson  et  al ,  (ref..  18)  have  shown  that  a  positive  cost  benefit  can  be  derived  from  using  this  phenolic 
panel  system.  This  report  details  the  result  of  a  contractual  program  with  the  Boeing  Commercial  Airplane 
Company  to  examine  the  fire  characteristics  of  sandwich  panels,  using  laboratory-scale  test  procedures.  The 
program  had  the  multiple  objectives  of  improving  flammability,  smoke  emission,  and  toxic  gas  emission  charac¬ 
teristics  of  sandwich  panels  without  sacrificing  manufacturability  or  mechanical  or  aesthetic  qualities  of 
the  panels. 

Figure  2  shows  a  typic~l  configuration  of  a  sandwich  panel  considered  in  the  Boeing  program.  The  various 
laminating  resins  and  the  tt;  matrix  used  for  these  panels  are  also  shown  in  this  figure. 

A  full  matrix  of  tes  was  accomplished  and  the  test  results  were  combined  mathematically  with 
material  and  fabrication  co?ts  to  arrive  at  a  relative  ranking  of  the  candidate  materials.  The 
mathematical  procedure  utilized  a  weight  distribution  of  parameters  (fig.  7);  this  ranking  method  identified 
phenolic  as  the  preferred  resin 

Figure  8  si  ows  the  contrast  ''♦tween  flame-retardant  epoxy  resin  and  phenolic  resin  sandwich  panels  with 
respect  to  f lammabili*-/,  s.twke,  ui.u  toxic  gas  emission  characteristics.  It  illustrates  the  improvements 
that  phenolic  resins  exhibit  over  the  baseline  epoxy  system. 
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Figure  2  is  an  example  of  a  sandwich  panel  constructed  with  a  phenolic  resin.  This  construction, 
similar  to  that  of  a  747  part  tion  panel,  uses  Tedlar  (polyvinyl  fluoride)  as  the  decorative  surface 

Phenolic  resins  have  subsequently  been  developed  further  and  will  be  used  in  the  new  generation 
commercial  aircraft  (e.g.,  7S7  and  767).  They  will  be  utilized  in  a  sandwich  panel  composite  configura¬ 
tion,  but  It  will  be  a  crushed-core  design  concept.  This  provides  for  use  of  the  weight  advantages  of 
sandwich  panels  while  allowing  more  intricate  contours  to  be  achieved. 

Figure  9  shows  an  example  of  a  crushed-core  sandwich  panel;  the  panel  shown  is  similar  to  that  which 
will  be  utilized  on  the  757  and  767  aircraft. 

ADDITIONAL  REMARKS  ON  PANEL  SYSTEMS  AS  CEILINGS 

The  results  of  the  postcrash  fire  simulation  with  contemporary  materials  in  the  C-133,  which  will  be 
discussed  below,  focus  attention  on  the  role  of  the  flammability  of  ceiling  panels  in  propagating  the  fire, 
once  the  fire  is  started  by  burning  seats.  In  figure  2,  it  can  be  seen  that  in  addition  to  the  composite 
face  sheets,  contemporary  panels  also  comprise  a  decorative  surface  system  that  consists  of  an  outer  layer 
of  clear  polyvinyl  fluoride,  PVF,  and  interlayers  of  additional  PVF,  acrylate  inks,  and  adhesives.  All  of 
these  materials  are  highly  flammable.  They  are  present  in  such  small  amounts  in  comparison  with  the  com¬ 
posite  matrix  resin  that  they  contribute  very  little  to  the  time  to  flash-over  in  the  tests  already  described. 
However,  as  mounted  horizontally  above  the  tests,  they  ignite  and  drip  as  flaming  debris  and  promote  the 
rapid  propagation  of  the  fire  throughout  the  aircraft  interior.  Even  if  the  new  fire-resistant  seat  is  not 
ignited  directly  by  the  intrusion  of  the  fuel  fire,  direct  contact  with  the  ceiling  structure  may  spread 
the  fire  rapidly. 

Durable,  transparent  thin  films  -  easy  to  process  by  existing  decorating  methods  and  with  the  same 
excellent  maintainability  characteristics  as  contemporary  materials  -  have  been  exceedingly  difficult  to 
find.  Although  research  at  Ames  has  discovered  a  large  number  of  high-char-yield  transparent  films  that 
are  finding  wide  application  in  aircraft  windows  and  military  canopies,  none  of  them  has  the  combination 
of  properties  required.  New  polymer  research  at  Ames  has  identified  several  candidate  polymers  generally 
related  to  polyesters  and  polycarbonates  that  may  be  long-term  solutions.  A  new  high-char- yield  polyether- 
ether-ketone  (PEEK)  (ref.  19)  now  being  developed  is  an  outstanding  candidate  to  replace  the  existing 
polyvinyl  fluoride  film  component.  The  PVF  film  has  been  found  to  give  as  little  as  18%  char  yield  with  a 
limiting  oxygen  index  of  16%,  whereas  the  new  polyether-ether-ketone  gives  values  of  4S%  for  the  char  yield 
and  a  limiting  oxygen  index  of  37%,  properties  that  are  theoretically  very  close  to  ideal  from  a  flammability 
point  of  view.  This  new  film,  intended  for  at  least  ceiling  applications,  has  been  also  found  to  exhibit 
excellent  maintenance  characteristics.  It  will  have  to  be  applied  with  fire-resistant  adhesives  and  inks. 

Two  new  polymers  have  been  discovered  which  may  serve  this  purpose.  New  fire-resistant  ink  and  adhesive 
systems  based  on  phosphorylated  epoxides  and  tetrabromoepoxy  acrylates  are  being  developed  by  Kourtides, 

Parker  et  al  (ref.  20)  to  meet  these  special  requirements.  In  the  short  term,  fire-resistant  blsmalelmide 
composites,  decorated  with  an  ablative  coating  or  with  no  decorative  system,  may  be  required  for  the  highly 
fire-sensitive  ceiling  gases. 

Summarizing  the  panel  research  and  technology  program  developed  under  the  NASA  "FIREMEN"  program  at 
Ames  Research  Center,  we  have  shown  that  the  theory,  materials,  laboratory  tests,  large-scale  tests,  and 
production-ready  panels  -  with  which  it  would  be  possible  to  screen,  select,  and  provide  advanced  panel 
systems  -  are  available.  And  it  is  known  that  the  advanced  panels  have  a  reasonable  probability  of  enhancing 
human  survivability  when  the  interior  system  of  a  transport  aircraft  is  subjected  to  a  substantial  fire  source, 
whatever  its  origin.  What  remains  to  be  done  to  establish  the  fireworthiness  of  these  advanced  panels  is 
to  evaluate  them  in  all  full-scale  tests  of  a  cabin  interior  system  in  the  FAA  C-133  simulator,  using  the 
impact  of  a  real  fire  threat  drawn  from  likely  scenarios.  On  the  basis  of  heat,  smoke,  and  toxic  gas  evolved, 
including  the  time  to  full  fire  involvement,  it  is  anticipated  that  the  increase  in  allowable  egress  time  will 
be  determined. 

POSTCRASH  FIRE  SIMULATIONS  IN  THE  C-133 

Although  planned  for  (ref.  21),  there  are  no  satisfactory  models  for  the  postcrash  fire.  Hill  and 
Sarkos  (ref.  22)  have  designed  an  empirical  test  that  is  based  on  three  levels  of  severity  with  respect  to  fire 
penetration  and  ignition  of  the  interior  systems.  Their  purpose  is  to  answer  the  question:  "Does  the 
severity  of  the  external  fuel  fire  so  dominate  the  available  egress  time  that  the  inherent  flammability  of 
contemporary  systems  contributes  little  or  nothing  to  the  available  egress  time?"  Stated  otherwise:  What 
is  the  cost-benefit  in  modifying  the  fuel  system  versus  modifying  the  interior  aircraft  system?  It  is 
certainly  not  possible  to  make  this  trade-off  at  this  time.  However,  the  C-133  test  method  provides  a  means 
of  uncoupling  the  .survivability  effects  of  spilled  ignited  fuel  from  those  of  the  interior  materials  system. 

This  full-scale  mock-up,  as  described  by  Hill  and  Sarkos  (ref.  22),  is  shown  in  figure  10.  It  comprises 
a  carefully  simulated  and  instrumented  C-133  fuselage  to  permit  the  evaluation  of  the  external  pool  fire  at 
three  different  levels  of  fire  intensity  within  the  fuselage.  A  fire  representing  an  infinite  fire  course  is 
created  by  a  1.2-  by  1.2-m  (4-  by  4-ft)  fuel  pan  placed  in  front  of  the  open  forward  door.  This  opening  may 
simulate  sor.i  average  damage  to  the  aircraft  fuselage  during  a  crash-survivable  fire  vith  an  open  door  and 
nermits  radiation-only  penetration  of  the  fuselage  under  a  zero-wind  condition.  The  transfer  of  heat  and 
mass  from  the  fuel  fire  is  said  to  be  rate-determined  by  the  direction  and  velocity  of  the  wind  at  the  door. 

Only  the  zero-wind  condition  (the  mildest  condition)  will  be  referenced  in  this  paper.  An  evaluation 
of  this  condition,  namely  about  14  W/cm^  at  the  doorway  is  found  to  decay  to  about  O.j  W/cm^  at  the  aircraft 
centerline,  The  evaluation  of  the  interior  environment  in  the  absence  of  interior  aircraft  systems  suggest 
that  between  S  and  10  min  are  available  for  the  passengers  to  escape  from  the  unfurbished  aircraft.  However, 
when  a  simulation  was  conducted  with  16  seats  in  typical  rows  with  paneling  and  mock-up  thermoplastic  occupying 
about  1C»  of  the  aircraft,  it  was  found  that  the  fire  that  ensued  might  reduce  the  egress  time  to  less  than 
2  min. 
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One  may  draw  two  conclusions  from  the  above:  (1)  that  as  far  as  the  qualifying  materials  for  the 
effect  of  postfire  environment  the  bunsen  burner  flammability  test  does  not  represent  the  above;  and  (2) 
at  least  under  these  conditions,  the  fire  involvement  characteristics  of  the  interior  materials  play  a 
large  role  in  determining  the  human  survivability  at  least  in  this  scenario. 

PROPAGATION  OF  THE  CHAIN  IN  THE  C-133  POSTCRASH  FIRE  SIMULATION 

A  tentative  mechanism  for  the  propagation  of  the  fire  chain  due  to  the  impact  of  the  external  fuel 
fire  has  been  made  by  Eklund  (ref.  23).  It  has  been  suggested  that  the  wool-and-nylon  covered  polyurethane 
cushions  nearest  the  door  are  ignited  by  a  radiant  heat  pulse  with  a  radiative  input  greater  than  8  W/cm^, 
even  in  the  absence  of  free  flame.  This  threshold  has  been  verified  by  Hartzell  (ref.  24)  in  separate 
radiant  panel  tests.  Once  ignited,  the  fire  from  the  seat  reaches  the  ceiling  panels;  quickly  thereafter 
the  so-called  "two  zone  effect,"  that  is,  downward  radiation  of  the  heat  from  the  hot  gas  layer,  ignites 
the  remaining  seats  and  a  complete  fire  involvement  ensues.  Based  on  this  scenario  significant  attention 
has  been  given  to  a  short-term  fix  by  applying  a  fire-blocking  layer  to  the  out!  ard  seats.  It  is  believed 
that  the  use  of  a  highly  efficient  elastomeric  ablative  material,  used  for  thermal  protection  for  the 
extremely  flammable  urethane  cushioning,  may  be  sufficient. 

SEAT  DESIGN  AND  DEVELOPMENT  BASED  ON  COMPONENT  RESPONSE  TO  THE  POSTCRASH  FIRE 

It  is  clear  from  the  foregoing  C-133  test  results  wit>  contemporary  materials  in  a  zero-wind  postcrash 
fire  simulation  that  ignition  and  burning  of  the  outboard  seats  seems  to  be  the  principal  fire  source  inside 
the  cabin.  It  has  been  shown  by  Bricker  and  Duskin  (ref.  25)  that  the  extremely  rapid  burning  of  aircraft 
seats  is  cue  to  the  polyurethane  cushions  of  the  seats.  Little  benefit  can  be  obtained  by  making  the  poly¬ 
urethane  fire  retardant.  Either  the  polyuretnane  elastic  foam  must  be  replaced  with  a  completely  fire- 
resistant  cushioning  foam  or  the  polyurethane  must  be  protected  by  a  compatible  fire-blocking  ablative 
material .  Both  of  these  approaches  are  being  investigated  in  efforts  to  find  ways  of  breaking  the  fire 
chain  anf.  restricting  the  spread  of  the  fire  throughout  the  interior  of  the  cabin. 

Th<-  ablative  efficiency  of  foamed  polychloroprene  (neoprene)  as  a  fire-blocking  layer  to  protect 
military  aircraft  fuel  tanks  against  external  pool  fires  was  first  demonstrated  by  Pope  et  al.  in  1968 
(ref.  26).  Foamed  neoprene  is  currently  the  ablative  material  of  choice,  specifically  low-smoke  L-200 
neoprene,  because  of  its  high  charring  ablation  efficiency,  moderate  cost,  and  availability.  Neoprene 
cushioning  cannot  be  fabricated  at  useful  densities  much  less  than  46  kg/m^  (6  Ib/ft^)  as  compared  with 
standard  polyurethane  at  24  kg/m^  (l.S  Ib/ft^).  It  has  been  estimated  that  replacement  of  all  the  cabin 
seat  polyurethane  seat  cushioning  with  neoprene  foam  would  irniiose  a  weight  penalty  of  about  907  kg  (2000  lb) 
for  a  wide-body  jet  aircraft.  Hence,  the  use  of  the  foamed  neoprene  as  a  fire  layer  between  the  fabric  and 
polyurethane  foam  may  be  the  only  way  in  the  short  term  to  control  fire  propagation  through  the  aircraft 
interior  of  contemporary  design. 

It  has  been  estimated  from  recent  preliminary  tests  that  optimization  with  regard  to  blocking-layer 
thickness  and  position  of  the  heat-blocked  seats  in  the  aircraft  could  result  in  a  weight  penalty  for  the 
wide-body  transport  of  between  68  and  136  kg  (150-300  lb) .  When  a  neoprene  foam  is  used  as  a  fire-blocking 
interlayer  in  a  thickness  of  1.3  cm  (O.S  in.)  between  the  seat  covering  and  the  polyurethane  foam,  it  has 
been  found  that  this  configuration  results  in  no  fire  propagation  at  a  2  W/cm^  radiant  heat  source  with  a 
free-flame-ignition  source  about  as  well  as  an  all  neoprene  seat.  Surprisingly,  few  if  any  of  the  irrita¬ 
ting  gases  normally  expected  from  the  pyrolysis  of  chloroprene  (e.g., hydrogen  chloride)  have  been  observed 
in  cabin  fire  simulator  tests.  It  has  also  been  observed  that  the  neoprene  fire-blocking  layer  covering 
the  polyurethane  and  covered  with  wool-nylon  fabric  seems  to  surpress  the  flame  spread  across  the  fabric. 

It  may  be  conjectured  that  the  low-smoke  neoprene  not  only  protects  the  underlying  cushioning  foam  but  also, 
through  char-swelling  and  hydrogen  chloride  evolution,  inhibits  flame  spread  of  the  fabric  covering.  These 
fire-suppression  mechanisms  observed  in  the  cabin-fire  simulator  may  be  of  considerable  importance  in  pre¬ 
venting  fire  propagation  into  the  aircraft  interior  ceiling,  as  was  observed  in  the  C-133  baseline  test. 

A  sketch  of  an  advanced  seat  concept  is  shown  in  figure  11.  This  seat  has  been  designed  with  the 
best  material  options  available,  both  with  respect  to  functionality  and  to  fire  resistance;  it  has  been 
described  by  Fewell  et  al.;  (ref.  27).  It  takes  advantage  of  an  imide  foam  with  a  somewhat  lower  density 
than  standard  polyurethane  but  with  a  much  reduced  flammability.  Since  this  Id;  density  polyimide  foam  may 
still  require  some  fire-blocking  protection,  a  neoprene  foam  fire-blocking  layer  has  also  been  included. 

A  wool-kermel  blend  rather  than  wool-nylon  is  used  in  this  advanced  seat  to  further  reduce  the  flame  spread 
from  external  ignition  sources. 

A  three-seat  array  of  this  advanced  seat  is  shown  in  figure  12.  It  is  planned  to  evaluate  seats  of 
this  kind  at  higher  heating  rates  than  3  W/cm^  in  the  Douglas  Aircraft  cabin-fire  simulator  as  a  back-up 
for  the  fire-blocking  neoprene-polyurethane  system,  especially  for  the  case  of  outboard  seats. 

It  may  be  concludev.  that  the  most  cost-effective  option  available  in  the  short  term  to  break  the  fire 
chain  generated  by  the  external  postcrash  fire  as  it  attempts  to  penetrate  the  interior  system  through  a 
damaged  fuselage  or  open  door  may  be  the  use  of  a  neoprene  fire-blocking  layer  in  contemporary  seats. 
Neoprene  foams  in  the  form  of  vonar  and  low-smoke  L-200  are  commercially  available  and  only  somewhat  more 
expensive  than  currently  used  in  polyurethane  cushioning.  It  is  believed  that  the  weight  penalty  incurred 
by  using  the  neoprene  layer  can  be  minimized  by  designing  the  thickness  to  accomodate  the  fire  sources 
encountered  in  a  survivable  postcrash  fire.  Special  material  options  are  available  using  the  neoprene 
fire-blocking  layer  with  no  significant  weight  penalty.  Application  of  the  NASA  charring  materials  abla¬ 
tion  code,  CMA,  is  available  (ref.  28)  and  is  being  modified  to  optimize  these  systems.  The  radiant  panel 
facilities  available  in  the  Douglas  Aircraft  cabin-fire  simulator  and  the  Ames  postcrash  fire  simulator 
can  be  used  to  evaluate  this  optimization  technique. 
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WINDOW  SYSTEMS  FOR  POSTCRASH  FIRE  PROTECTION 

It  has  been  reported  by  SAFER  (ref.  1)  that  the  contemporary  panels  of  a  wide-body  transport  aircraft 
provide  sufficient  protection  to  prevent  fire  penetration  of  the  fuselage  when  exposed  to  an  external  fuel 
fire  of  very  short  duration.  However,  the  present  acrylate  window  systems  shrink,  as  should  be  expected, 
and  drop  out,  allowing  direct  fire  penetration  long  before  the  failure  of  the  airframe  structure.  Earlier, 
Bricker  and  Duskin  (ref.  25)  demonstrated  that  contemporary  polymethyl  methacrylate  windows  were  burned 
through  in  SO  to  60  sec  under  the  heat  flux  typically  encountered  in  a  postcrash  fire. 

Parker  et  al.  (ref.  29)  have  developed  physically  equivalent  windows,  composed  of  a  high-char-yield 
epoxy  trimethoxyboroxine  tiansparent  polymer  system,  that  resist  burn-through  for  up  to  10  min.  Eklund 
et  al.  (ref.  30)  confirmed  that  state-of-the-art  windows  do  indeed  shrink  and  fall  out  in  less  than  1  min, 
whereas  the  high-yield  windows  do  not  fall  out  but  survive  for  at  least  6  min.. 

A  generalized  plot  of  window  performance  is  shown  in  figure  13.  Here  the  back-side  temperature  change 
with  time  is  plotted  for  contemporary  windows,  which  bum  through  (as  shown)  in  1.5-2  min.  It  can  be  seen 
tliat  the  advanced  materials  provide  continuing  protection  at  times  greater  than  8  min.  In  comparing  the 
slopes  of  the  temperature-time  plots  the  superior  ablation  efficiency  of  the  new  high-char- forming  windows 
is  apparent.  In  order  to  functionality,  that  is,  scratch,  ultraviolet  resistance,  etc.,  and  provide  a  fire- 
worthy  window  system  design,  it  has  been  necessary  to  apply  the  new  window  material  as  interlayer  with  fire 
hardened  edge  attachment  as  shown  in  figure  14.  This  type  of  assembly  has  been  developed  into  full-scale 
canopies  for  military  aircraft. 

Various  options  have  been  examined  to  apply  this  fire-resistant  transparent  material  to  a  conventional 
window  system  (fig.  15).  It  is  now  believed  that  the  most  effective  and  practical  way  to  use  the  epoxy 
window  as  a  fire  barrier  is  as  the  secondary  fail-safe  inner  window  shown  in  figure  16.  Of  course,  similar 
fire-resistant  edge-attachment  methods  as  shown  for  he  military  canopy  will  have  in  be  applied  to  optimize 
the  fire  perforraaiice  of  these  new  candidate  windows. 

DATA  BASE  LIBRARY  FOR  AIRCRAFT  INTERIOR  MATERIALS 

The  purpose  of  this  study  is  to  provide  NASA  and  the  FAA  with  several  design  options  for  a  library  of 
data  for  materials  that  are  currently  ov  can  potentially  be  used  in  aircraft  interiors. 

It  was  recognized  that  for  many  years  the  aircraft  community  has  been  studying  the  contribution  of 
materials  used  in  aircraft  interiors  to  aircraft  fire  safety.  Although  the  fire  safety  record  in  commercial 
aircraft  has  been  continuosly  improved  there  is  an  ongoing  attempt  to  alleviate  the  threat  of  severe  aircraft 
cabin  fires  with  state-of-the-art  technology  and  new  material  developments.  It  is  the  responsibility  of 
government  organizations  such  as  the  FAA  to  regulate  the  introduction  of  new  materials  to  aircraft  interior 
use  based  on  the  material's  contribution  to  the  fire  hazard.  In  order  to  effectively  regulate  the  use  of 
new  materials,  these  organizations  must  recognize  and  evaluate  the  potential  benefit  and  associated  costs 
of  utilizing  them  in  the  cabin  interior.  However,  data  on  the  material's  fire  performance,  cost,  processing, 
and  maintenance,  which  must  be  utilized  in  this  evaluation,  are  not  available  in  a  centralized  repository. 

The  SAFER  Committee  recognized  the  need  to  select  materials  for  aircraft  applications  that  would  provide 
the  highest  performance  in  a  fire  scenario  while  still  meeting  design  and  cost  criteria.  The  Committee  also 
recognized  the  lack  of  agreed-upon  standard  tests  and  fire  threat  scenarios,  the  proprietary  nature  of 
industry  materials  data,  the  continuing  development  of  hundres  of  new  materials  per  year,  and  the  lack  of 
large-scale,  computer-based  "clearing  house"  or  data  base  for  these  materials  and  their  properties. 

Data  about  aircraft  materials  are  generated  by  many  members  of  the  materials  and  aircraft  community, 
including  material  suppliers,  aircraft  manufacturers,  and  government  organizations  involved  in  R6D,  testing, 
and  the  development  of  standards.  While  some  of  the  data  are  published  and  therefore  distributed  to  other 
interested  groups,  much  of  it  is  available  only  to  the  group  generating  the  data.  To  decrease  the  redundancy 
in  testing  and  to  distribute  the  information  required  for  material  evaluation,  the  SAFER  Committee  agreed 
that  a  cintralized  repository  for  these  data  should  be  established  by  the  FAA. 

In  addition,  there  are  conflicting  viewpoints  as  to  which  testing  methods  should  be  used  in  materials 
evaluation  and  selection.  It  is  recognized  that  a  centralized  data  repository  would  provide  an  improved 
ability  to  compare  test  results  from  different  test  methods  and  therefore  facilitate  decisions  about  the 
most  desirable  testing  methods. 

The  study  is  organized  into  three  major  tasks  aimed  at  generating  several  design  options  for  the 
data  base.  The  design  options  will  be  defined  by  the  data  contents,  data  suppliers,  required  administrative 
support,  applicable  computer  software  and  hardware,  and  various  plans  for  user  accessibility. 

The  first  task  is  to  survey  potential  users  of  the  data  base  and  suppliers  of  data  with  emphasis  on 
characterization  of  the  data  that  is  both  desired  and  available.  The  kinds  of  data  potentially  to  be  con¬ 
tained  with  the  data  library  include: 

1 .  Material  descriptions 

2.  Fire  performance  properties 

3.  Physical  properties 

4.  Mechanical  properties 

5.  Processing  and  maintenance  characteristics 

6.  Cost  information 

The  second  task  involves  four  subtasks  aimed  at  estimating  the  requirements,  in  terms  of  manpower 
and  cost,  for  configuring  i  data  base  to  respond  to  the  needs  of  the  potential  user  community.  Included  in 
task  ?  i.s  a  survey  of  applicable  commercial  software  and  hardware  to  select  those  systems  which  may  be  appro¬ 
priate  to  the  various  options.  This  task  results  in  a  reconmendation  to  NASA  and  the  FAA  of  the  most 
effective  and  efficient  library  configuration(s) . 


Task  3  reviews  the  anticipated  applications  of  the  materials  data  library  and  will  be  performed 
in  conjunction  with  the  first  two  tasks.  Figure  16  shows  an  outline  of  the  three  major  tasks  and  their 
subtasks. 

The  study  has  proceeded  on  schedule  during  the  first  3  months.  ECON  has  indicated  that  initial 
design-option  descriptions  and  cost  estimates  will  be  completed  by  early  November.  These  design  options 
will  incorporate  the  results  of  the  surveys  of  potential  data-bank  users  and  data  suppliers  and  the 
screening  of  commercially  available  computer  hardware  and  software  that  are  now  in  progress.  At  such 
time  these  initial  options  will  be  presented  to  Ames  Research  Center  and  to  the  FAA  Test  Center  for  pre¬ 
liminary  review  and  discussion. 

CONCLUDING  REMARKS 

It  has  been  shown  in  this  paper  that  there  exists  a  substantial  technology  base  for  the  selection, 
evaluation,  and  application  of  fire-resistant  subsystem  components  that  can  reasonably  be  expected  to 
improve  human  survivability  in  aircraft  fires  involving  aircraft  interiors.  This  technology  can,  in  the 
short  term,  effect  improvements  in  aircraft  fire  safety  as  well  as  provide  a  sound  basis  for  further 
long-term  imp’-uveiuents  in  new  aircraft. 
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Figure  4.-  Laboratory  setup  in  cabin  Eire  simulator. 
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Figure  5.-  Plashovec  test  facility. 
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Figure  6.-  Center  point  ceiling  temperature  as 
Function  of  time  for  Transite,  state-of-the- 
art  epoxy,  and  advanced  resins. 
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Figure  7.-  Ranking  procedure. 
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Figure  8.-  Flammability  and  smoke. 


Figure  10.-  C-133  wide  body  cabin  fire  test  article. 
(Note:  1  ft  B  0.3048  m.) 
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Figure  12.-  Three-seat  array  of  advanced  seats. 
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Figure  13.-  General  data  plot  of  Anes  Research  Center' 
T-3  fire  teat  results. 
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The  Development  and  Application  of  a  Full-Scale  Wide  Body 
Test  Article  to  Study  the  Behavior  of  Interior  Materials 
During  a  Postcrash  Fuel  Fire. 


by 

Constantine  P.  Sarkos 
Richard  G.  Hill 
Wayne  D.  Howell 


SUMMARY 


Over  the  past  20  years,  all  fatalities  attributable  to  fire  In  United  States  air  carrier  accidents 
have  occurred  during  survlvable  crashes  (versus  In-flight  fire  accidents).  In  almost  all  of  these  cases, 
the  p. stcrash  cabin  fire  was  Initiated  by  a  large  fuel  fire  external  to  the  aircraft.  Under  these 
conditions,  the  Importance  and  role  of  cabin  materials  on  survivability.  In  the  context  of  and  In 
contrast  to  a  large  fuel  fire.  Is  difficult  to  assess.  Small-scale  fire  tests  on  cabin  materials  — 
by  themselves  —  do  not  treat  the  dynamic  range  of  conditions  and  Important  parameters  present  In 
a  real  cabin  fire.  Therefore,  over  the  last  5  years,  the  Federal  Aviation  Administration  (FAA)  has 
placed  Increasingly  more  emphasis  on  large-  and  full-scale  fire  tests  and  fire  modeling  to  understand  and 
demonstrate  the  behavior  of  cabin  materials  In  a  postcrash  fuel-fed  fire. 

The  focal  point  of  this  work  Is  a  full-scale,  wlde-body  test  article,  constructed  from  a  surplus 
C-133  aircraft.  This  paper  describes  the  following  major  elements  of  the  development  and  application  of 
the  C-133  article  to  study  postcrash  cabin  fires;  (1)  Initial  development,  capabilities  and  Instrumen¬ 
tation;  (2)  derivation  of  fuel  fire  test  conditions  based  on  physical  modeling  and  large-scale  fire 
tests;  (3)  characterization  of  cabin  fire  hazards  arising  solely  from  an  external  fuel  fire  without  the 
contribution  of  Interior  materials;  (4)  characterization  of  cabin  fire  hazards  resulting  from  the  ex¬ 
posure  of  wlde-body  Interior  materials  to  an  external  fuel  fire  (the  fires,  by  Itself,  would  be  clearly 
survlvable  ov  the  test  duration  If  the  Interior  were  noncombustible);  and  (5)  evaluation  of  the 
effectiveness  of  urethane  seat  cushion  fire  blocking  layers  and  Improved  cushioning  materials  over  a 
range  of  test  configurations.  TIk-  results  of  the  extensive  tests  that  have  been  performed  to  date, 
especially  over  the  past  12  to  18  months,  are  beginning  to  Improve  our  understanding  of  the  cabin  hazards 
and  Important  parameters  associated  with  postcrash  fire,  and,  by  the  example  of  seat  cushions.  Illustrate 
how  safety  benefits  can  be  realized  by  Che  usage  of  Improved  materials. 


INTRODUCTION 


OBJECTIVE 

The  objective  of  this  papei  is  twofold:  (1)  describe  the  development  and  design  of  a  full-scale 
test  article  for  studying  the  characteristics  of  transport  cabin  fires  created  by  a  postcrash  external 
fuel  fire;  and  (2)  describe  the  evaluation  of  the  effectlvenesj  of  aircraft  seat  cushion  fire  blocking 
layers  under  large-  full-scale  test  conditions. 

BACKGROUND 

Aircraft  accident  Investigations,  In  most  instances,  do  not  furnish  thr  detailed  Information  re¬ 
quired  to  Identify  the  primary  physical  factors  contributing  to  those  fatalities  resulting  from  fire. 

This  lack  of  Information  Is  due,  In  part,  to  the  Infrequent  occurrence  of  aircraft  accidents  and  the 
usual  destruction  of  evidence  by  the  fire,  but,  more  Importantly,  to  the  complex  nature  of  the  fire 
dynamics  and  hazards  ultimately  responsible  for  preventing  escape  by  passengers  and  crewmembers.  There¬ 
fore,  although  the  outcome  of  an  accident  Investigation  may  suggest  the  existence  of  a  design  deficiency 
leading  to  fire  fatalities  In  a  parulcular  case,  some  form  of  controlled  and  well-instrumented  experi¬ 
mentation  Is  needed  to  validate  the  conclusions  reached  and  the  benefits  of  proposed  Improvements.  The 
type  of  testing  which  Is  most  convincing  Is  that  which  most  closely  replicates  the  actual  fire  environ¬ 
ment  and  aircraft  geometry  configuration;  l.e.,  what  has  been  termed  a  full-scale  test.  The  utilization 
of  full-scale  tests  is  a  major  and  Integral  aspect  of  thi.  aircraft  fire  safety  program  conducted  by  the 
United  States  (U.S.)  Federal  Aviation  Administration  (FAA)  (reference  1).  This  paper  will  describe  the 
der  rlopment  and  application  of  a  full-scale  cai  In  fire  test  article  for  studying  the  behavior  of  Interior 
materials  subjected  to  an  external  fuel  fire. 

A  number  of  organizations.  Including  the  National  Transportation  Safety  Board  (NTSB),  which  has  the 
respont Ibllity  for  Investigating  civil  aviation  accidents  in  the  United  States,  have  analyzed  the  Inci¬ 
dence  of  aircraft  accidents  accompanied  by  fire.  A  study  by  NTSB  for  the  period  1965-1974  estimated  that 
15  percent  of  all  fatalities  in  U.S.  air  carrier  accidents  were  attributable  to  the  effects  of  fire 
(reference  2).  In  all  Instances,  the  cause  of  the  fire  was  the  result  of  aircraft  crath  Impact  with  the 
ground.  Moreover,  In  most  cases,  the  fire  originated  from  the  Ignition  of  jet  fuel  released  from  fuel 
tanks  damaged  by  the  crash  impact. 

A  much  smaller  number  of  fatal  accidents  have  occurred  in  U.S.  manufactured  aircraft  operated  by 
foreign  carriers  as  a  result  of  accidental  fire  erupting  inside  'he  fuselage  while  the  aircraft  was 
In-fllght.  Those  In-fllght  fatal  fires  consist  of  a  Varlg  707  In  1974,  a  Pakistani  707  In  1979,  and  a 
Saudla  LIOI '  1980,  combining  for  a  total  of  over  500  fatalities.  As  a  consequence  of  the  two  recent 
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accidents,  particularly  Che  Saudla  LlOll  which  resulted  in  301  fire  fatalities,  more  emphasis  Is  now 
being  placed  within  the  FAA's  Cabin  Fire  Safety  Program  on  in-flight  fire  problems. 

It  Is  generally  agreed  that  Ignition  of  Jet  fuel  represents  the  greatest  potential  danger  in  air¬ 
craft  crash  accidents.  No  other  conclusion  seems  possible  when  one  considers  that  jet  fuel  Is  extremely 
flammable  and  Is  carrleo  In  large  quantities  In  modern  Jet  transports;  e.g.,  the  fuel  tanks  capacity  of 
an  LlOll  is  23,000  gallons  (reference  3).  In  accidents  where  large  quantities  of  fuel  are  released  and 
Ignited,  and  where  the  integrity  of  the  fuselage  is  damaged  to  a  degree  that  enables  major  portions  of 
the  cabin  to  be  directly  subjected  to  the  fuel  fire,  the  dominance  of  the  fuel  fire  is  clear.  However, 
accidents  do  occur  with  relatively  small  quantities  of  fuel  spillage,  or  none  at  all,  and  with  the 
fuselage  primarily  intact,  that  result  In  a  cabin  fire  leading  to  fire  fatalities.  These  accidents  are 
part  of  a  classification  of  accidents  defined  as  survlvable;  i.e. ,  those  accidents  in  which  one  or  more 
of  the  occupants  survive  the  Impact.  In  an  FAA  study  for  the  period  1964  to  1974,  it  was  estimated  that 
39  percent  of  the  fatalities  were  attributable  to  fire  in  survlvable  accidents  (reference  4). 

It  Is  difficult.  If  not  Impossible,  to  assess  the  role  of  a  particular  Interior  material,  or 
materials,  in  gene  ..1,  on  the  number  of  fatalities  in  crash  accidents  accompanied  by  fire.  Numerous 
factors  are  known  to  tffect  the  behavior  of  a  material  In  a  fire  (reference  5),  while  the  present  status 
of  fire  technology  does  not  allow  for  the  prediction  of  the  combined  effect  of  each  factor  on  the  overall 
threat  to  cabin  occupants  under  a  given  fire  condition.  Nevertheless,  there  does  exist  both  direct 
-nd  Indirect  data  of  the  Importance  of  Interior  materials  on  survivability  during  a  postcrash  cabin  fire. 
Of  a  direct  nature.  Is  the  measurement  of  high  levels  of  biood  cyanide  In  some  accident  victims 
(reference  6).  These  measurements  have  been  Incoiporatnd  Into  U.S.  accident  Investigations  since  1970. 
However,  the  relationship  between  cyanide  levels  In  blood  ssmples  taken  from  accident  victims  to  the 
concentration  of  cyanide  to  which  the  victim  was  exposed  to  during  the  fire  has  been  questioned 
(reference  7).  Another  form  of  direct  data  Is  the  fact  that  although  most  crash  accidents  are  accom¬ 
panied  by  fuel  spillage,  several  fatal  accidents  have  occurred  with  Insignificant  or  no  fuel  release. 

For  example,  at  Salt  Lake  City  In  1965,  a  727  crashed  and  caught  on  fire  as  the  result  of  a  severed  fuel 
line  beneath  the  cabin  floor.  The  Initial  fire  consisting  of  a  relatively  small  quantity  of  spilled  fuel 
was  probably  not  life  threatening  In  Itself,  but  was  of  sufficient  intensity  to  Ignite  the  cabin  interior, 
which  resulted  In  43  fatalities  (reference  81.  More  recently,  a  747  crashed  In  Seoul,  Korea,  In  1980, 
without  any  fuel  spillage,  yet  the  ensuing  fire  killed  13  people.  More  of  an  indirect  nature  of  data  Is 
the  recognition  that  an  aircraft  cabin  Is  an  enclosure  with  limited  egress,  high  loading  of  plastic  and 
synthetic  Interior  materials,  and  high  occupancy  density.  Fast  large-scale  tests  conducted  In  the  United 
States  on  simulated  cabin  Interiors  or  mockups  (references  9,  10,  and  11)  have  demonstrated  that  hazard¬ 
ous  and  fatal  conditions  will  arise  from  Ignition  of  Interior  materials  with  the  development  of  a  self- 
sustaining  fire.  In  the  laboratory,  a  wide  range  of  heat,  smoke,  and  toxic  gas  levels  have  been  measured 
during  testing  of  In-service  materials  subjected  to  Intense  fire  exposure  (reference  12).  These  test 
data  gathered  under  specific  a. 1,  perhaps,  not  completely  realistic  conditions  Indicate  the  potential 
dangers  of  burning  Interior  materials. 

complexity  of  cabin  design  Is  one  of  the  many  factors  that  make  it  difficult  to  determine  the 
Importance  of  Interior  materials  on  postcrash  cabin  fire  survivability.  The  cabin  Interior  Is  completely 
lined  with  multi-layered  materials  and  furnished  with  hundreds  of  seats.  Each  component  Is  selected  with 
due  consideration  given  to  fire  safety,  functionality,  durabil''ty,  processability,  cleanablllty ,  econom¬ 
ics,  and,  of  Ircreaslng  importance,  weight.  Current  FAA  regulations  specify  that  all  major  components 
"self-extlngulsh"  after  a  prescribed  exposure  to  a  small  flame  (reference  13).  Moreover,  at  their  own 
Initiative,  the  airframe  manufacturers  strive  to  select  materials  with  low-smoke  emissions  and  low-flame 
spread  rate.  One  manufacturer  also  screens  materials  for  emission  of  specified  toxic  gases.  Despite 
apparent  differences  In  design  goals  and  philosophy,  the  cabin  materials  used  by  the  three  major  U.S. 
airframe  manufacturers  are  very  similar.  The  composite  panels  which  constitute  the  bulk  of  the  side- 
walls,  stowage  bins,  ceilings  and  partitions  are  basically  composed  of  a  Nomex"  (aramid)  honeycomb  core 
with  fiber  glass  facings  Impregnated  with  epoxy  or  phenolic  resin  and  a  decorative  laminate  composed  of 
Tediar"  (polyvinyl  flourlde)  layers  or  Tedlar  and  ^olyvlnyl  chloride  layers.  A  greater  variety  of 
tuterlals  are  used  for  floor  coverings  and  seat  cuenlons,  which  are  selected  by  the  airlines,  but  are 
typically  wool  pile  carpet  and  cushioning  composed  of  flame  retardant  (FR)  urethane  with  a  wool  (90 
percent)/nylon  (10  percent)  upholstery  cover.  A  full-sccle  test  configuration  should  Include,  at  least, 
the  major  cabin  usage  categories;  I.e., carpet,  seats,  sidewall  panels,  stowage  bins,  and  celling  panels. 

From  a  practical  necessity,  aircraft  materials  are  and  should  be  selected  based  on  the  results  of 
small-scale  fire  tests.  However,  It  Is  generally  recognized  that  small-scale  test  results  do  not  reflect 
the  behavior  of  a  material  In  Its  end-use  application  under  realistic  fire  conditions.  Therefore,  until 
more  realistic  and  meaningful  small-scale  tests  are  developed,  the  FAA,  as  well  as  many  other  organiza¬ 
tions  engaged  in  fire  testing.  Is  relying  more  heavily  on  large-scale  tests  and,  to  a  much  lesser  degree, 
full-scale  tests  for  materials  evaluation.  Full-scale  tests  are  usually  performed  for  more  far-reaching 
reasons;  namely,  define  the  nature  of  a  perceived  fire  problem,  identify  governing  parameters,  bracket 
fire  conditions,  examine  the  relevency  of  small-scale  test  results,  and  demonstrate  the  benefit  of 
improved  material  or  fire  management  systems. 

In  the  past,  the  number  of  fire  tests  consisting  of  exposure  of  a  realistically-furnished  cabin  test 
article  to  a  fuel  f1;e  have  been  small  In  number  (reference  9,  11,  and  14).  Each  of  these  test  programs 
were  deficient  In  one  or  more  of  the  following  manners: 

(1)  Instrumentation  was  incomplete  or  improper  (e.g.,  absence  of  smuke  measurements  or  test  animals. 
Improper  sampling  '.t  reactive  acid  gases); 


(2)  The  test  article  was  not  fully  protected  to  allow  for  multiple  tests,  causing  the  results  to  be 
inconclusive  or  unconvincing; 

(3)  The  fuel  fire  was  unrealistic  in  terms  of  size  (too  small)  and  position  (placement  was  inside 
the  fuselage).  The  effect  was  to  exaggerate  the  contribution  of  fue3-flre  smoke  to  the  cabin  environment 
and  to  subject  the  Interior  materials  to  unrepresentati.e  low  levels  of  radiant  heat; 

(4)  Precautions  taken  to  negate  the  effect  of  random  ambient  wind,  which  has  a  pronounced  and, 
sometimes,  dominant  effect  on  external  fuel  fire  penetration  through  a  fuselage  opening  (references  IS, 
16,  snd  17),  were  Ineffective.  Therefore,  the  effect  of  the  fuel  fire  with  regard  to  heat  exposure  of 
the  interior  and  its  contribution  to  cabin  hazard  levels  was  not  identical  from  test  to  test;  and 

(5)  Protection  of  the  test  article  interior  with  sheet  metal  probably  created  higher  wall  heat  loses 
than  would  have  been  encountered  with  a  real  interior.  Thus,  the  wall  loses  could  have  far  exceeded  the 
levels  measured  in  enclosure  fires;  i.e.,  50-95  percent  of  the  total  energy  released  by  the  fire  (refer¬ 
ence  18).  None  of  the  test  articles  simulated  a  wlde-body  cabin.  In  the  development  of  the  cabin  fire 
test  article  described  subsequently  in  this  paper,  an  attempt  has  been  made  to  rectify  the  problems, 
enumerated  above,  that  were  encountered  by  earlier  Investigators. 

The  FAA  convened  the  Special  Aviation  Fire  and  Explosion  Reduction  (SAFER)  Advisory  Committee  to 
"examine  the  factors  effecting  the  ability  of  aircraft  cabin  occupants  to  survive  in  the  postcrash 
envlroiunent  and  Che  range  of  solutions  available"  (reference  19).  The  committee  approved  the  objectives 
set  forth  by  FAA  in  its  program  plan  (reference  1)  for  ft,!. -scale  cabin  fire  testing.  After  examination 
of  the  contemporary  makeup  of  aircraft  cabin  interiors,  Che  committee  concluded  Chat  a  near  term  solution 
was  available  to  protect  or  replace  the  FR  urethane  used  in  seat  cushions,  which  was  believed  to  be  the 
most  flammable  of  all  the  Interior  materials  used  is  large  quantities.  The  second  part  of  this  paper 
describes  the  evaluation  of  seat  cushion  blocking  layers  and  Improved  foam  cushions  under  large-  and 
full-scale  test  conditions. 

Although  Che  potential  flammability  of  flexible  urethane  foam  has  been  recognized  for  10  years 
(reference  10),  it  has  only  been  until  the  last  several  years  that  more  fire-safe  and  practical  alter- 
natca  have  emerged.  Vfhlle  neoprene  foam  has  always  possessed  excellent  flame  resistance,  earlier 
formulations  were  extremely  smokey  and  heavy.  The  development  of  LS-200  represented  a  marked  improvement 
in  neoprene  technology,  by  reducing  smoke  emissions  and  weight  and  improving  physical  properties 
(reference  20).  Nevertheless,  Che  reduction  of  neoprene  foam  density  to  the  7-8  pounds  per  cubic  feet 
range  was  still  prohibitively  high  for  the  aviation  market.  In  order  to  retain  the  cushion 
properties  of  urethane  without  the  weight  penalty  of  a  full  neoprene  cushion,  the  concept  of  a  fire 
blocking  layer  eucasemenC  was  developed. 

By  design,  the  blocking  layer  encasement  inhibits  or  prevents  the  fire  Involvement  of  the  flammable 
urethane  foam  underneath.  A  commercial  foam  fire  blocking  layer  was  developed  in  the  mid  1970' s  and 
given  the  trade  name  Vonsr*.  Extensively  evaluated  by  FAA  and  others,  Vonar  is  a  thin  neoprene  foam 
layer  that  is  heavily  treated  with  flame  retardants  (approximately  40  percent  by  weight).  A  number  of 
mechanisms  contribute  to  its  fire  blocking  behavior,  but,  most  important,  is  the  formation  of  a  stabile 
and  strong  char  when  it  is  exposed  Co  heat  or  flame.  The  Insulative  properties  of  the  char,  of  course, 
significantly  reduce  the  rate  of  heat  transfer  to  Che  urethane  foam  sublayer.  Although  Vonsr  had  been 
demonstrated  to  be  highly  effective  against  moderate  ignition  sources,  such  as  newspaper  or  wastebasket 
fires  (reference  21),  or  fires  likely  to  occur  in  rapid  transit  vehicles  (reference  22),  the  FAA  test 
program  was  the  first  to  re  'Istlcally  subject  the  material  to  the  Intense  radiant  heat  produced  by  a 
large  fuel  fl’-e. 


DISCUSSION 


DESIGN  OF  FULL-SCALE  TEST  ARTICLE 

The  survlvable  postcrash  f’re  scenario  selected  for  study  consisted  of  an  intact  fuselage  with  open 
doors,  as  might  exist  during  evacuation,  and  an  external  fuel  fire  adjacent  to  an  opening.  Selection  of 
the  scenario  was  based  on  creating  a  realistic  posCcrash  condition  with  an  external  fuel  fire  rather  than 
a  fuel  fire  within  the  cabin  which  is  an  easier  test  to  perform  but  is  less  realistic.  Moreover,  it  was 
believed  that  placement  of  the  fire  outside  the  fuselage  would  more  properly  balance  the  cabin  hazards 
from  the  fuel  fire  and  burning  interior  materials.  Another  important  aspect,  as  discussed  later,  was  to 
develop  a  test  fire  that  would  recreate  the  Intense  radiant  heat  produced  by  a  large  fuel  spill  fire.  An 
accident  occurred  after  the  fire  scenario  was  conceived  which  was  a  near  duplicate,  attesting  to  the 
realism  of  the  scenario  (reference  23). 

The  full-scale  tost  article  was  »  modified  surplus  C-133  aircraft.  The  Important  dimensions  and 
overall  layout  are  shown  in  figure  1.  The  cross  sectional  area  is  simular  to,  although  slightly  smaller 
than,  a  wide-body  jet  cabin.  An  Interior  volume  of  13,200  ft^  is  representative  of  a  wlde-body  Jet. 
Reference  IS  describes  in  detail  the  test  article  design. 

The  test  article  was  designed  for  fire  durability  to  allow  for  tbr  n'lct  of  numerous  tests.  This 
was  accomplished  by  stripping  Che  interior  of  all  combustibles,  lining  i  ...  nside  surfaces  with  non- 
coubustlble  ceramic  and  fiber  glass  materials,  and  installing  a  CO2  Cot.H’.  flooding,  fire  protection 
system.  It  was  believed  that  the  cerasic/f Iber  glass  materials  provided  for  more  realistic  wall  heat 
transfer  than  sheet  metal.  The  test  article  has  withstood  approxlmcrely  i:,o  tests,  although  on  several 
occasions  extensive  repairs  had  to  be  made. 


The  opening  adjacent  to  the  fire  was  a  wide  body  type  A  door  opening.  However,  the  opening  was 
treated  as  a  rupture  rather  than  a  door;  i.e.,  seats  are  placed  in  the  opening.  This  size  opening  was 
selected  because  descriptive  information  on  fuselage  rupture  size  from  actual  accidents  was  found  to  be 
lacking. 

A  full-scale  fire  test  facility  houses  the  test  article.  A  specially  designed  celling  allows  for 
the  setting  of  large  fuel  fires  Inside  the  test  bay.  The  facility  provides  an  environment  that  is 
basically  Isolated  from  fluctuating  ambient  winds,  which  can  destroy  test  repeatability  and  make  test 
results  analysis  very  difficult,  and  allows  for  testing  throughout  the  year  under  all  weather  conditions. 

A  large  fan  can  simulate  a  range  of  wind  speeds  at  the  fire  door,  providing  the  flexibility  of  varying, 
as  desired,  the  degree  of  fuel-fire  flame  penetration  into  the  cabin.  Figure  2  is  a  photograph  of  a 
typical  fire  test  with  the  facility  shown  in  the  inset. 

The  C-133  test  article  is  extensively  instrumented  to  measure  the  major  hazards  produced  by  a  cabin 
fire  at  various  cabin  locations  as  a  function  of  time.  The  most  extensive  measurement  is  that  of  air 
temperature;  a  series  of  thermocouple  poles  on  the  fuselage  centerline  are  located  throughout  the  cabin. 
Garden  gage-type  calorimeters,  primarily  clustered  around  the  fire  door,  measure  the  radiant  and  con¬ 
vective  hcac  flux  from  the  jet  fuel  fire  and  ensuring  cabin  fire.  Smoke  density  is  measured  by  light 
transmlssometers,  consisting  essentially  of  a  light  source  and  photoelectric  cell  receiver.  Gas  concen¬ 
trations  are  measured  by  continuous  analyzers  and  from  post-test  analysis  of  batch  samples  taken  at 
regular  intervals  during  the  test.  The  gases  analyzed  continuously  at  four  cabin  locations  include 
carbon  dioxide  (CO2),  carbon  monoxide  (CO)  and  oxygen  (O2).  The  remaining  gases  analyzed  from  batch 
samples  consist  of  two  classes:  acid  gases  (e.g.,  hydrogen  fluoride  (HF),  hydrogen  chloride  (HCl),  etc.) 
and  organic  gases  (e.g.,  hydrogen  cyanide  (HCN),  etc).  The  acid  gases,  particularly  HF  and  HCl,  are 
analyzed  by  ion  chromatography  of  samples  collected  in  small  tubes  filled  with  glass  beads  that  ate  coated 
with  a  sodium  carbonate  solution.  The  organic  gases,  particularly  HCN,  are  analyzed  by  gas  chromato¬ 
graphy  of  samples  collected  on  Tenax*  tubes.  A  detailed  description  of  the  analytical  methodology  for 
the  acid  and  organic  gases  is  contained  in  reference  24.  Exclusive  of  Che  gases  analyzed  from  batch 
samples,  the  cabin  hazard  measurements  are  recorded  on  a  computer  data  acquisition  system,  and  converted 
into  engineering  units  and  plotted  after  completion  of  a  test.  Cabin  fire  growth  is  monitored  during  a 
test  by  video  coverage.  Color  photography  documentation  includes  35mm  sequential  photographs  at  5-second 
intervals,  and  16mm  movies. 

DERIVATION  OF  FUEL  FIRE  Thbl  CONDITIONS 

Since  Che  quantities  of  jet  fuel  potentially  involved  in  a  postcrash  fire  are  enormous,  Che  realism 
of  past  full-scale  fire  tests  utilizing  small  amounts  of  fuel  was  questionable.  An  important  design  goal 
for  the  C-133  test  article  was  to  derive  a  test  fuel  fire  of  intensity  representative  of  a  large  fuel 
'ire.  Fust  studies  of  the  burning  behavior  of  pool  fires  indicated  the  dominance  of  thermal  radiation, 
as  compared  Co  convection,  for  pool  fires  above  3  feet  in  diameter,  radiation  was  relatively  invariant 
at  approximately  14  British  Thermal  Units  per  square  foot  per  second  (Btu/ft^-sec)  (reference  25).  Of 
concern,  however,  was  the  amount  of  radiation  into  a  cabin  interior  from  a  large  fuel  fire  adjacent  to  a 
type  A  door  opening.  Therefore,  a  study  was  performed  using  models  of  the  C-133  test  article  of  various 
diameters,  subjected  to  a  fuel  fire  of  width  equal  or  greater  to  the  model  diameter  (reference  26).  The 

study  was  performed  indoors  to  eliminate  wind  as  a  factor.  It  was  determined  that  the  radiant  heat  flux 

on  the  fuselage  symmetry  plane  at  the  fire  door  station  at  an  elevation  of  one  half  the  door  height  was 
1.8  Btu/ft^-sec  for  an  infinite  fire  and  zero  wind  conditions.  In  addition  to  establishing  a  design 
goal  for  Che  C-133  test  fire,  the  model  tests  in  conjunction  with  a  mathematical  analysis  of  the  radiant 
field  inside  the  fuselage,  demonstrated  the  presence  of  severe  radiant  heat  gradients  within  the  fuselage 
enclosure  (reference  26).  Thus,  it  became  evident  that,  during  its  initial  stages,  an  interior  fire 
would  be  highly  localized,  and  that  at  relatively  small  distances  away  from  the  fire  the  radiant  heat 
flux  would  be  virtually  zero. 

In  order  to  validate  the  aforementioned  modeling  results,  a  surplus  DC-7  aircraft  with  a  fuselage 
opening  scaled  to  the  C-133  opening  was  subjected  to  a  30-foot-square  pool  fire  (reference  16).  Figure  3 
contains  a  comparison  of  Che  symmetry  plane  heat  flux  measured  during  three  tests  with  the  modeling  value 
of  1.8  Btu/ft^-sec.  As  shown,  a  reasonable  agreement  was  achieved  between  the  two  tests  performed 

under  calm  wind  conditions  and  the  modeling  prediction  for  zero  wind.  With  a  wind  fluctuating  from  4-10 

zilles  per  hour  (mph),  the  measured  radiant  heat  flux  undulated  above  the  modeling  prediction  because  of 
the  intermittent  penetration  of  flames  into  the  cabin  cansed  by  the  winds.  The  increase  in  radiation  is 
due  both  Co  the  larger  flame  surface  emitting  heat  and  the  smaller  distance  between  the  flame  surface  and 
measuring  calorimeter. 

In  Che  C-133  test  article,  the  fuel  pan  was  located  at  the  bottom  euge  of  the  opening,  rather  than 
on  the  ground,  in  order  to  best  assure  that  a  solid  flame  surface  would  cover  the  entire  opening,  as 
would  result  from  a  large  ground  fire.  Initial  tests  with  a  4-foot-square  pan,  which  was  slightly  wider 
than  the  opening,  proved  that  this  pan  size  was  inadequate  due  to  incomplete  flame  coverage  over  the 
opening,  resulting  from  "necking"  of  the  fuel  fire.  Subsequent  tests  were  performed  with  progressively 
larger  pan  sizes,  and  adeqiucy  of  the  pan  size  was  rated  in  terms  of  the  completeness  of  flame  coverage 
over  the  opening  and  closeness  of  the  cabin  symmetry  plane  radiation  to  the  modeling  prediction  for  an 
infinite  fire.  A  pan  that  was  8  feet  wide  and  10  feet  lon^  completely  covered  the  opening  with 

flames  and  produced  a  symmetry  plane  heat  flux  of  1.5  Bcu/ftc-sec  (reference  15).  Although  this  pan 

size  produced  radiation  at  the  symmetry  plane  which  was  slightly  less  than  the  level  expected  from  an 
infinite  fuel  fire,  it  was  obviously  representative  of  a  large  fuel  fire  and  was  thus  selected  for  the 
"standard"  C-133  fuel  fire.  Moreover,  it  was  feared  that  a  larger  fuel  fire  might  jeopardize  the  safety 
of  the  facility  housing  Che  test  article  or,  perhaps,  cause  the  early  destruction  of  the  test  article 
itself.  In  a  typical  fire  test,  50  gallons  of  fuel  are  placed  in  the  fuel  pan  atop  a  wat>'~  base  to 

assure  uniform  fuel  depth  throughout  the  pan.  This  fuel  quantity  assu'ju  an  unwaverin£  )r  at 

least  4-1/2  minutes,  which  is  the  usual  test  duration  (reference  15). 
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A  protective  covering  of  steel  sheeting  over  a  fibrous  ceramic  matting  prevents  melting  of  the  C-133 
aluminum  fuselage  skin  adjacent  to  the  fuel  fire.  This  protective  measure,  uhlch  provides  an  opening  of 
unchanging  area  for  fuel  fire  penetration  Into  the  Interior,  does  not  detract  from  the  realism  of  the 
test  article.  During  an  actual  wlde-body  accident,  a  major  fuel  fire  burned  for  an  estimated  2-3 
minutes,  before  extinguishment,  without  fuel  fire  penetration  Into  the  cabin  (reference  23).  Therefore, 
for  a  wlde-body  aircraft  exposed  to  a  major  fuel  fire  for  3-4  minutes.  It  Is  likely  that  the  fuel  fire 
hazards  passing  through  an  Initial  opening  will  far  exceed  the  Increase  In  hazards  as  the  opening 
enlarges. 

CABIN  HAZARDS  CREATED  BY  THE  FUEL  FIRE 


In  order  to  understand  the  role  of  Interior  materials  In  a  cabin  fire  arising  trom  an  external  fuel 
fire.  It  Is  necessary  to  first  examine  the  effects  of  the  fuel  fire  alone.  This  was  accomplished  by 
setting  a  large  series  of  fuel-fire  tests  with  the  C-133  interior  completely  devoid  of  Interior  materials 
(reference  IS).  The  tests  were  performed  outdoors  with  the  test  article  configuration  shown  in  figure  1 
and  the  primary  variables  were  ambient  wind  velocity  (uncontrolled)  and  fuel-lire  size.  In  order  to 
examine  the  wind  conditions  of  Interest,  which  were  winds  of  a  relatively  low  speed  (0-5  mph)  and  In  a 
direction  to  cause  flame  penetration  Into  the  interior,  tests  were  run  In  the  early  morning  when  weather 
conditions  were  favorable. 

Wind  conditions  were  found  to  have  a  dominant  effect  on  the  rate  of  hazard  development  Inside  the 
cabin.  This  conclusion  was  also  reached  In  related  studies  where  the  effect  of  door  opening  locations 
away  from  the  fire,  relative  to  the  wind  direction,  were  also  found  to  be  an  important  factor  (references 
16  and  17).  The  effect  of  wind  speed  on  cabin  temperature  is  shown  in  figure  4  when  the  C-133  test 
article  was  subjected  to  an  8-  by  10-foot  fire  upwind  of  the  fuselage.  Except  for  the  low  wind  test  (1.5 
mph) ,  the  trend  for  the  most  part  was  to  have  higher  cabin  temperatures  as  the  wind  speed  Increased.  The 
principle  Implications  of  this  finding  are  twofold:  (1)  for  a  specific  alrcraft/fuel-spill  crash 
configuration,  the  cabin  hazards  caused  by  burning  fuel  vls-a-vls  burning  interior  materials  are  highly 
dependent  on  ambient  wind  and  cabin  draft  conditions;  and  (2)  for  the  C-133  test  configuration,  the 
degree  of  fuel  flame  penetration  Into  the  cabin,  and  the  resultant  fire  exposure  of  interior  materials 
near  the  fire  opening,  can  be  adjusted  over  a  wide  range  of  values  by  utilizing  an  artificial  wind  (fan). 
The  small  Increase  In  cabin  temperature  shown  In  figure  4  under  zero  wind  is  the  result  of  a  significant 
portion  of  the  fuel  fire  products,  entering  the  cabin,  becoming  entrained  back  Into  the  fire.  The 
Insignificant  temperature  rise  for  the  zero  wind  case  Is  also  Indicative  of  the  results  when  the  fuel 
fire  Is  downstream  of  the  fuselage  (refert-nces  IS  and  16);  l.e.,  minimal  cabin  hazard  accumulation  even 
though  the  radiation  Into  the  cabin  Is  intense. 

The  relationship  between  convective  heating  (and  smoke  and  gas  accumulation)  within  the  cabin  and 
radiative  heating  for  a  given  wind  speed  was  found  to  be  dependent  on  fuel-fire  size  (reference  15). 
Because  flame  bending  Increases  with  decreasing  fire  size  for  a  given  wind  speed,  a  small  fire  size 
(e.g.,  4-  by  6-feet)  will  create  greater  heat  and  smoke  accumulation  inside  the  cabin  but  less  radiative 
heating  than  a  larger  fire  size  (e.g.,  8-  by  10  feet).  Beginning  with  this  experimental  finding,  the 
subsequent  discussion  Is  an  analysis  of  the  possible  ramifications  of  the  utilization  of  small  fuel  pan 
fires  In  full-scale  tests.  Since  the  amount  of  heat  and  smoke  produced  by  Interior  materials  Increases 
with  the  level  of  radiation,  rather  than  of  convection  inside  the  cabin,  the  proportion  of  heat  and  smoke 
accumulation  Inside  the  cabin  from  burning  fuel  vis-a-vis  burning  Interior  materials  Is  greater  for 
smaller  fuel  fires.  Thus,  the  use  of  unrealistically  small  fuel  fires  for  test  purposes  because  of  their 
esse  of  handling  may  produce  misleading  results.  A  small  fuel  fire  will  create  higher  cabin  hazards  from 
the  fuel  fire  than  might  exist  from  larger  fires,  but  will  not  cause  the  Interior  materials  to  burn  as 
extensively  as  might  a  larger  fire. 

Tests  performed  with  the  C-133  test  article  devoid  of  interior  materials  Indicated  the  ,.?omlnence  of 
certain  cabin  hazards  over  others  when  the  fuel  fire  Is  the  dominant  threat.  In  tests  with  significant 
flame  penetration  Into  the  cabin,  elevated  temperature  exceeded  human  tolerance  limits  and  smoke  obscured 
visibility;  however,  CO  concentrations  were  extremely  low  and  clearly  nonhazardous.  Since  high  levels  of 
carboxyhemoglobin  are  often  measured  In  blood  samples  taken  from  aircraft  fire  victims  (reference  6), 

In  light  of  the  C-133  test  results,  and  without  consider. .tlon  of  other  scenarios.  It  appears  as  If  this 
finding  cannot  be  explained  in  terms  of  a  dominant  fuel  fire.  The  source  of  high  levels  of  carboxyhemo¬ 
globin  In  some  fire  acclde;r.  rlctlms  may  have  been  CO  produced  by  burning  Interior  materials. 

CABIN  HAZARDS  CREATED  BY  BURNING  INTERIOR  MATERIALS 


In  order  to  study  and  measure  the  full-scale  hazards  of  cabin  Interior  materials  subjected  to  an 
external  fuel  fire,  a  section  of  the  C-133  test  article,  centered  at  the  opening  adjacent  to  th..  fuel 
pan,  was  lined  and  furnished  with  wlde-body  type  materials.  Samples  of  the  varlov.s  materials  were  tested 
and  determined  to  be,  as  required,  compliant  with  FAA  flammability  regulations  prescribed  In  Federal 
Aviation  Regulation  (FAR)  25.853  (reference  13).  As  shown  In  the  cutaway  Isometric  drawing  In  figure  5, 
the  materials  were  arranged  In  a  realistic  fashion.  The  following  summarizes  the  materials'  loading:  (1) 
12  flat,  honeycomb  composite  panels,  each  4  by  6  feet,  comprised  a  24-foot-long  drop  ceiling;  (2)  6 
lengths  of  honeycomb  composite  overhead  stowage  bins  were  mounted  on  both  sides  of  the  cabin;  (3)  8 
contoured  honeycomb  composite  sidewall  panels  with  window  reveals,  each  3.3  by  5.5  feet,  were  fastened  to 
the  insulated  inner  fuselage;  (4)  a  total  of  21  seats,  including  6  doubles  and  3  triples,  composed  of 
wool  (90  percent) /nylon  (10  percent)  upholstery  covers  and  FR  urethane  cushions,  were  arranged  into 
3  rows  to  form  a  dual  aisle  Interior;  and  (5)  a  wool  (100  percer.>-)  pile  carpet  was  placed  over  the 
aluminum-faced  cabin  floor.  The  celling  panels  and  carpet  were  new,  while  the  sidewall  panels,  stowage 
bins,  and  seats  were  obtained  from  refurbished  wlde-body  aircraft. 

The  materials  were  subjected  to  a  zero  wind  fuel  fire.  This  condition  was  selected  because  the 
cabin  hazards  solely  arising  from  the  fuel  fire  would  be  minimal  and  clearly  survlvable  as  shown  in 
previous  test  (see  figure  4).  In  this  manner,  che  cabin  hazards  with  mat) rials  installed  in  the  test 
article  would  be  unmistakably  pro.luced  by  the  burning  materials  and  not  by  the  fuel  flie. 
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A  revealing  account  of  the  fire  growth  Inelde  the  cabin  was  obtained  from  the  color  photographic 
coverage,  Including  35mm  motorized  stills  and  16mm  movies.  Examination  of  these  films  demonstrated  that 
for  approximately  2  minutes,  the  cabin  fire  was  limited  to  the  area  In  the  Immediate  vicinity  of  the 
fuselage  opening  adjacent  to  the  fuel  fire.  The  outboard  double  seat  at  the  fire  opening  was  almost 
completely  engulfed  In  flames,  as  was  the  back  of  the  outboard  seat  forward  of  the  opening  and  the  front 
of  the  seat  behind.  Fire  had  not  progressed  to  the  triple  seats  comprising  the  center  section,  although 
some  smouldering  was  evident.  Also  In  evidence  was  Intermittent  flashing  In  the  smoke  layer  under  the 
celling  by  the  opening.  Although  the  heavy  smoke  obscured  the  upper  cabin,  the  high  temperatures 
recorded  In  this  a'-ea  and  the  existence  of  flashes  Indicated  that  celling  and  stowage  bins  near  the 
opening  were  pyrolyzlng  and,  perhaps,  burning.  At  approximately  2  minutes,  within  a  matter  of  10  seconds, 
or  less,  the  remaining  Interior  materials  were  suddenly  set  aflame  or  underwent  pyrolysis.  This  event 
has  been  observed  In  many  types  of  enclosure  fire  tests  snd  has  been  given  the  name  "flashover."  Photo¬ 
graphs  taken  at  S-seconds  Intervals  shown  In  figure  6,  Illustrate  the  suddeness  and  totality  of  the 
flashover. 

The  major  hazards  produced  by  the  cabin  fire,  aft  of  the  galley  partition,  are  shown  plotted  as  a 
function  of  time  In  figure  7.  The  survivability  Is  of  Interest  In  this  section  of  the  cabin  because  (1) 
the  evacuation  process  Is  usually  In  a  direction  away  from  the  fire  origin  and  (2)  In  some  past  accidents 
victims  hav  been  found  clustered  near  exits. 

The  occurrence  of  flashover  Indicates  that  conditions  throughout  the  cabin  will  become  nonsurvlvable 
within  a  matter  of  seconds.  Of  concern,  thus,  is  whether  any  of  the  preflashover  hazards  were  at  a  level 
to  Impair  or  prevent  escape.  An  examination  of  figure  7  indicates  that  the  acid  gases  HF  and  HCl 
accumulated  In  the  aft  cabin  at  least  1  minute  before  any  of  the  remaining  hazards.  These  gases  were 
produced  by  the  turning  honeycomb  composite  panels  which  comprise  the  celling,  stowage  bins,  and  hatrack. 
The  somewhat  similar  shape  of  the  curves  Is  a  clue  that  the  two  gases  emanated  from  the  same  source. 
Moreover,  a  past  study  of  themial  degradation  products  from  aircraft  materials  indicated  that  HF  end  HCl, 
the  latter  In  higher  yields,  are  produced  by  some  panels  (reference  27).  The  source  of  HF  was  the  3-Mll 
Tedlar  polyvlnylfluorlde  decorative  film  which  covers  the  panels.  The  source  of  HCl  is  probably  the 
flame  retardants  used  In  the  epoxy  resin  which  Impregnates  the  fiber  glass  facings  and  adheres  the  panel 
components  together.  Another  source  of  HCl  was  the  polyvinylchloride  (PVC)  seat  components  (arm¬ 
rest  covers,  side  panels)  and  those  components  containing  chlorinated  fire  retardants  (cushions).  It 
appears  as  If  the  Initial  gas  peak  was  caused  by  the  rapid  thermal  degradation  of  the  decorative  film  and 
fiber  glass  facl.ig  resulting  from  the  Intense  radiant  heat  from  the  fuel  fire  at  the  beginning  of  the 
test.  The  second  gas  peak  was  caused  by  the  rapid  fire  Involvement  associated  with  flashover  of  all  the 
interior  materials.  The  early  concentrations  of  acid  gases  (e.g.,  300  parts  per  million  (ppm)  and  140 
ppm  for  HCl  and  IIF,  respectively,  at  60  seconds)  are  considered  to  be  significant  levels.  Composite 
panel  lining  materials  —  the  source  of  these  gases  —  are  Important  potential  contributors  to  cabin  fire 
hazards  because  of  their  large  surface  area  and,  in  many  cases,  vulnerable  location  In  the  upper  cabin 
area. 

Elevated  temperature,  smoke,  and  HCN  were  the  remaining  hazards  detected  before  the  onset  of 
flashover.  Flaming  conditions  during  a  postcrash  cabin  fire,  as  opposed  to  a  smouldering  fire,  make  the 
presence  of  high  temperatures  to  be  expected.  More  unexpected  was  the  low  concentration  of  HCN,  con¬ 
sidering  that  wool  Is  used  for  seat  upholstery  and  carpet,  and  that  wool  produces  high  yields  of  HCN, 
approximately  40  milligrams  per  gram  (mg/g),  when  pyrolyzed  oxidatively  (reference  27).  A  number  of 
explanations  for  the  low  HCN  concentrations  are  plausible,  Including  (1)  burning  of  the  HCN  during 
flashover,  (2)  because  of  the  prominence  of  flaming,  production  of  nitrogen  oxides  by  the  wool  rather 
than  HCN  (reference  28),  or  (3)  Insufficient  fire  involvement  of  the  wool  due  to  relatively  low  loading 
and  to  location  In  the  lower  cabin.  An  interesting  result  was  the  late  detection  of  smoke  at  approx¬ 
imately  100  seconds.  In  contrast  to  HF  and  HCl  which  were  detected  much  earlier  into  the  test. 

In  order  to  assess  the  relative  Importance  of  each  cabin  fire  hazard,  a  hypothetical  human  survival 
model  was  formulated.  (The  structure  of  the  model  was  suggested  by  Dr.  Charles  Crane  at  the  FAA’u  Civil 
Aeromedlcal  Institute.  The  authors  are  grateful  for  his  important  contribution  to  this  paper.)  The  model 
computes  Incapacitation  in  a  fire  envlronme.it  composed  of  a  number  of  toxic  gases  and  elevaten  tempera¬ 
ture,  each  varying  with  time.  The  major  assumptions  were  twofold:  (1)  the  hazards  are  additive  and  (2) 
for  the  toxic  gases,  the  classical  hyperbolic  relationship  exists  between  gas  concentration  and  time 
of  Incapacitation.  Thus,  based  on  the  latter  assumption,  for  a  gas  species  1 

ciTi  -  Ki 

PEDi  Cl  dt 

Jo 

Cl  -  concentration  of  gas  species  1 
T^  -  tlme-of-lncapacltatlon 

Kj  -  Incapacitation  dose  of  gas  species  1,  a  constant 
FED^  «  fractional  effective  dose,  or  the  ratio  of  the  actual 
dose  due  to  gas  species  1  to  the  Incapacitation  dose 
t  ~  time 

The  Incapacitation  dose  constants,  Kj^,  were  calculated  from  the  best  available  data  in  the  literature 
(reference  28),  and  are  tabulated  below; 

Gas  Species  1  kj  (ppm  -  minutes) 


CO 

24,000 

C02 

750,000 

HCN 

480 

HF 

1,140 

HCl 

2,400 

and 

where 
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The  Cable  reflects  the  relative  toxicity  of  the  gas  species  of  Interest;  e.g.,  HCN  Is  five  times  as 
toxic  as  HC1> 

The  effect  of  elevated  temperature  on  Incapacitation  was  taken  Into  account  by  utilizing  the  empir¬ 
ically  based  curve  fit,  derived  by  Crane  (reference  30),  shovm  below 

3.61 

where 


t^  time  to  thermal  collapse  (Incapacitation) ,  minutes 
T  -  air  temperature,  degrees  centigrade 

Qj  -  4.1  X  10^  a  staClsLlcally  derived  proportionality  constant 

The  above  relationship  Is  based  on  data  from  human  exposure  to  a  constant  temperature.  In  order  to 
apply  this  relationship  to  the  more  comiaan  time-dependent  fire  environment,  the  thermal  history  curve  was 
divided  Into  1-second  Intervals.  By  considering  Qq  ac  a  heat  factor  related  to  Che  caloric  Intake  Chat 
a  body  must  absorb  to  produce  thermal  collapse,  the  thermal  fractional  effective  dose,  FED7,  becomes 


Therefore,  assuming  the  hazards  to  be  additive, 
becomes 


FED  -  FEDj  +  1  FED;  - 


the  fractional  effective  dose  for  the  mixture,  FED, 


The  hypothetical  Clue-of-lncapaclCatlon  for  the  mixture  Is  the  time  cC  which  FED  •  '.0. 


The  survival  model  described  above  Is  hypothetical.  Its  main  purpose  I.1  to  provide  a  means  of 
predicting  the  tiae-of-lncapaciiatlon  within  a  fire  enclosure,  based  on  measurements  of  elevated 
temperature  and  toxic  gases  concentrations  which  change,  ir.  some  cases  substaitially,  with  time.  Thus, 
it  Is  a  tool  for  reducing  a  fairly  large  number  of  somewhat  abstract  measurements  Into  a  single,  cogent 
parameter:  tlme-of-lncapacltatlon,  or  the  hypothetical  time  at  which  an  individual  can  no  longer  escape 
from  a  fire  environment.  How  well  the  model  relates  to  actual  escape  potential  is  unknown  and,  realis¬ 
tically,  cannot  be  determined.  It  la  known  that  segments  of  the  model  are  deficient  for  lack  of  avail¬ 
able  Information.  For  example,  no  data  exists  On  the  effect  of  irritant  (lases  (e.g.,  HCL,  HF)  on  acute 
human  escape  potential.  (FAA  has  sponsored  ne'.'  research  at  Southwest  desearch  Institute  to  determine 
"the  threshold  concentration  for  escape  lopalraent  by  Irritant  gases  (HCL  and  acrolein.  Initially)  using 
a  nonhuman  primate  model  and  a  relevant  behavioral  task  that  can  be  extrapolated  to  man,")  Thus,  the  HCi 
and  HF  Incapacitation  doses  utilized  In  Che  model  are  simply  based  upon  e.ctrapolatlon  from  threshold 
limit  values  (TLV's)  for  an  8-hour  work  environment.  Confidence  In  the  aodel  Is  greater  for  the  pre¬ 
diction  of  the  relative  escape  time  between  tests  on  different  material  systems  than  on  the 
prediction  of  absolute  escape  times. 

The  human  survival  model  was  applied  to  predict  the  survivability  In  the  aft  cabin  baaed  on  the 
hazard  measurements  taken  at  the  location  plotted  in  figure  7.  As  shown  ]n  figure  8,  the  hypothetical 
survival  time  was  159  seconds  when  wide-body  materials  were  Installed  In  the  cabin.  Conversely,  when  no 
materials  were  Installed  in  the  cabin,  corresponding  to  an  Idealistic  and  unrealistic  completely  non- 
combustible  Interior,  there  was  no  detectable  loss  In  survivability,  l.e. ,  FED  •  0  throughout  the  test. 

The  slope  of  the  survival  curve  with  wlde-body  materials  Installed  in  the  cabin  Increased  drastically 
shortly  after  the  flrshover  because  of  the  rapid  Increase  in  hazards  caused  by  the  flashover.  Until  this 
test  time,  the  survival  curve  was  entirely  driven  by  HF  and  HCI.  As  discussed  earlier,  the  Incapacitation 
doses  of  these  Irritant  gases  are  unknown  and  the  values  used  In  the  survival  model  are  calculated 
estimates.  If  one  Ignores  the  hazards  of  HF  and  HCI,  the  survival  curve  becomes  driven  primarily  by 
temperature  and,  to  a  lesser  degree,  CO.  Also,  the  fractional  effective  dose  will  not  increase  above 
zero  until  135  seconds,  and  will  exhibit  a  much  steeper  slope  than  when  the  irritant  gases  are  included. 
Four  of  the  six  hazards  considered  in  the  model  eventually  exceeded  their  incapacitation  dose,  as 
follows:  temperature  at  180  seconds,  HF  at  21C  seconds,  CO  st  237  seconds,  and  HCI  at  248  seconds.  The 
fractional  effective  doses  of  the  remaining  hazards,  CO2  and  HCN,  were  comparatively  Insignificant  (0.2 
and  0.C4  at  240  seconds,  respectively). 


It  has  long  been  recognized  that  a  margin  of  safety  exists  near  the  floor  Inside  an  enclosure  fire. 
The  wisdom  of  this  advice  was  examined  by  measuring  Che  major  hazards  at  three  elevations  at  test  station 
650  and  calculating  the  survival  time  at  each  elevation.  Tht-,s  survival  curves  are  plotted  in  figure  9(a) 
and  verify  that  survivability  Is  possible  for  a  longer  period,  the  closer  one  Is  to  the  floor.  A  34- 
second  Improvement  was  calculated  between  5  feet  6  Inches  and  3  feet  6  Inches,  but  the  improvement  was 
only  9  seconds  between  3  feet  6  Inches  and  1  fcot  6  Inches.  In  figure  9(b)  the  relative  importance  of 
each  hazard  at  the  calculated  survival  time  Is  graphed.  The  irritant  g-ses  HF  and  HCI  again  drove  the 
survivability  calculation  at  all  three  elevations.  Although  a  contribul  ng  factor  at  5  feet  6  Inches, 
heat  (elevated  temperature)  became  negligible  at  the  two  lower  elevation:  Instead,  CO  was  found  to  be  a 

more  Impoitant  factor  although  this  Is  not  adequately  shewn  In  figure  9(b^.  Dila  la  mure  apparent  when 
the  survivability  calculation  Is  extended  beyond  the  survival  time;  within  several  minutes  CO  will  be¬ 
come  the  dominant  hazard  at  the  two  lower  elevations.  Thus,  If  It  is  assumed  chat  the  hCl  and  HF  Inca¬ 
pacitation  doses  utilized  In  the  model  are  low,  and,  if  they  are  raised  (l.e.,  the  Incapacitating  effect 
of  these  irritant  gases  Is  made  less  potent  In  the  model),  then  CO  will  be  the  dominant  factor  affecting 
Incapacitation.  Also,  since  CO  Is  a  more  lethal  agent  than  either  HF  or  HCI,  It  may  be  argued  that  CO 
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would  be  primarily  responsible  for  any  fatalatles  caused  by  inhalation  of  gases  near  the  floor.  It  may 

also  then  be  argued  that  a  plausible  scenario  for  demise  of  an  individual  during  a  cabin  fire  is  in¬ 

capacitation,  while  standing,  from  exposure  to  irritant  gases  and  heat,  and,  after  collapsing  to  the 
floor,  death  from  CO  asphyxiation. 

The  most  striking  feature  of  a  cabin  fire  is  the  smoke  layer  which  because  of  buoyancy  appears  to 

cling  to  the  ceiling.  Figure  10  is  a  graph  of  the  vertical  temperature  profile  at  various  test  times 

at  test  station  270,  which  was  the  first  thermocouple  pole  station  aft  of  the  last  seat  row.  The  in¬ 
flection  point  in  the  temperature  profile  defines  the  smoke  layer  thickness.  Figure  10  illustrates  that 
the  cabin  environment  may  be  approximately  described  by  two  zones  —  a  hot  zone  at  the  ceiling,  which 
thickens  as  the  fire  progresses,  with  a  linear  temperature  profile,  and  a  much  cooler  zone  in  the 
lower  cabin  with  a  uniform,  but  above  ambient,  temperature.  The  temperature  differential  between  the 
celling  and  lower  cabin  was  very  large;  e.g.,  at  2-1/2  minutes  the  differential  was  higher  than  1000’  F. 
This  finding  has  a  bearing  on  the  relevance  of  small-scale  tests  (celling  materials  are  exposed  to  higher 
'onvectlve  heat  fluxes  than  are  carpets,  for  instance). 

Toe  existence  of  a  hot  zone  also  has  a  bearing  on  evacuation.  For  example,  at  a  station  only  12 
feet  att  of  the  fire  (figure  10),  conditions  would  be  clearly  survivable  from  convective  thermal  exposure, 
as  late  as  2  minutes  (10  to  IS  seconds  before  flashover),  for  an  individual  who  crouches  in  order  to  avoid 
exposure  to  the  hot  smoke  layer.  Moreover,  a  hot,  smoky  layer  can  nullify  the  benefit  of  ceiling-mounted 
emergency  lighting,  possibly  by  causing  thermal  failure  in  the  units,  or  by  obscuring  exit  signs  or 
blocking  Illumination. 

The  existence  of  large  heat  losses  into  the  walls  of  an  enclosure  during  a  fire  and  the  entrainment 
of  lower  zone  cool  air  into  the  hot  smoke  layer  creates  corresponding  losses  in  the  heat  content,  or 
temperature,  of  the  smoke  layer  gases  as  they  are  transported  away  from  the  fire  origin.  Figure  11 
is  a  graph  of  the  symmetry  plane  air  temperature  at  the  ceiling  throughout  the  cabin  at  various  times 
into  the  test.  Because  of  the  aforementioned  heat  losses,  the  celling  temferature  decreased  signif¬ 
icantly  with  distance  away  from  the  fire.  Although  measurements  near  the  fire  were  off-scale  at  1800°  F 
after  2-1/2  to  3  minutes  i.i.o  the  test,  because  tne  thermocouples  were  not  shielded  from  radiation  these 
readings  may  be  higher  than  the  actual  air  temperature.  The  temperature  profile  at  2  minutes  indicates 
that  a  large  area  of  the  celling  was  subjected  to  temperatures  in  excess  of  the  thermal  decomposition 
temperature  of  the  composite  panels,  approximately  200  to  350  degrees  centigrade  (°C) ,  before  the 
occurrence  of  flashover  (refereni-e  31).  Examination  of  figure  11  illustrates  that  the  galley  partition 
tended  to  confine  much  of  the  heat  to  the  cabin  section  forward  of  the  partition.  A  related  observation 
has  been  trade  in  accident  aircraft  where  fire  damage  was  more  extensive  on  the  fire  origin  side  of  a 
class  divider  than  on  the  protected  side.  It  is  of  Interest  to  note  that  ‘he  celling  temperature 
aft  cf  the  galley  partition  la  more  uniform  than  the  celling  temperature  ..n  the  forward  cabin.  This 
apparent  uniformity  may  have  resulted  from  more  active  mixing  In  the  smoke  layer  caused  hv  the  partition 
openings  and  by  entrainment  of  fresh  air  through  the  exhaust  door. 

EVALUATION  OF  SEAT  CUSHION  FIRE  BIOCKINC  LAYF.R5 

The  C- 133  test  article  was  utilized  to  evaluate  the  effectiveness  of  aircraft  seat  cushion  fire- 
blocking  layer  materlais.  This  work  was  undertaken  in  response  to  the  SAFER  Advisory  Committee 
recommendation  pertaining  to  cushioning  fire  blocking  layers  (reference  19).  Because  of  the  high  work 
priority,  general  Interest  in  these  materials  and  lack  of  data  under  postcrash  fire  exposure,  the  evalua¬ 
tion  was  performed  under  both  large-  and  full-scale  cor, ''tlons  to  assure  highest  confidence  in  the  test 
results. 

This  paper  will  be  limited  to  the  initial  work  on  foam  blocking  layers  (Vonar  and  LS-200)  to  demon¬ 
strate  the  effectlvent ss  of  the  concept.  More  recently,  aluminized  fabrics  such  as  Freox’  and  Norfab* 
have  exhibited  promis.ng  flreblocking  characteristics  at  less  weight  than  the  foams.  Both  blocking 
layer  systems  will  be  discussed  in  a  separate  couprehensive  final  report. 

The  fire  blocking  layer  materials  were  evaluated  at  a  number  of  seating  LonflgULStlons  and  test 
conditions,  each  with  a  specific  objective.  The  bulk  of  the  tests  were  performed  or.  single  or  multiple 
seats  exposed  to  the  fuel  fire  at  the  fuselage  opening  without  any  other  interior  materials  Installed  in 
the  cabin.  The  first  series  of  tests  were  on  double  seat  cushions  supported  by  a  uetal  frame.  In  this 
manner,  performance  benefits  provided  by  Mocking  layers  could  be  determined  without  contributions  and 
possible  confusion  from  the  fire  involvement  of  other  materials.  Subsequent  tests  were  performed  on  real 
seat 3  to  examine  the  benefit  in  the  context  of  remaining  seating  materials.  Multiple  scats  were  eval¬ 
uated  to  study  the  effect  of  blocking  layers  on  seat-to-seat  fire  growth.  In  order  to  examine  the  effect 
of  the  primary  test  configuration  (76"inch  by  42-lnch  opening,  seat  adjacent  to  opening),  a  series  of 
tests  were  run  with  a  smaller  opening  (2-foot  square),  and  another  scries  treating  the  opening  as  a 
doorway  (with  appropriate  rearrangement  of  seating).  Finally,  tests  were  performed  with  a  section  of  the 
cabin  completely  installed  with  Interior  materials  in  order  to  determine  fire-blocking  layer  benefits 
under  the  most  xeallstlc  conditions  achievable. 

The  forward  cabin  temperature  history  is  plotted  in  figure  2  for  the  Initial  test  series  on 
cushioning  mounted  on  a  double  seat,  metal  frame.  In  this  test,  as  throughout  the  program,  the  seat 
upholstery  fabric  was  a  wool  (90  percent)/nylon  (10  percent)  blend.  The  results  were  very  encouraging  in 
that  each  concept  exhibited  a  significant  Improvement  over  the  baseline  cushion,  FR  uretnane.  Two 
Vonar  types,  each  3/16-lnch  thick,  were  evaluated  —  polyester  (PE)  scrim  and  fiber  glass  (?G)  scrim. 

Both  Vonar  materials  produced  results  similar  to  the  LS-200  full  cushion,  which  is  considered  to  be  the 
premium  flexible  foam  cushion  In  terms  of  fire  safety.  The  Vonar  results  were  considerably  better  tnan 
the  results  with  LS-200  as  a  blocking  layer  (at  double  the  thLckness  of  Vonar).  The  super,  orlty  In  fire 
performance  of  seat  cushions  protected  with  Vonar,  ss  compared  to  unprotected  cushions,  was  consistently 
demonstrated  throughout  the  program  for  each  of  the  aforementioned  series  of  testa. 


What  is  the  safety  benefit  of  seat  cushion  fii'e  blocking  layers  during  a  postcrash  cabin  fire  with¬ 
in  Che  context  of  the  remaining  Interior  materials?  This  question  was  answered  by  performing  a  test 
with  a  section  of  the  C-133  test  article  completely  lined  and  furnished  with  Interior  materials  (see 
figure  5),  and  with  the  FR  urethane  cushions  encased  lo  Vonar  PE  blocking  layers.  The  difference  In 
survivability  between  the  full-scale  test  with  Vonar  and  the  full-scale  test  with  unprotected  cushions 
was  the  safety  benefit.  Figure  13  Is  a  graph  of  the  calculated  fractional  effective  dose  history  for 
each  of  these  tests.  The  calculation  does  not  Include  the  effect  of  HCl  In  any  of  the  tests  because  of  a 
malfunction  In  the  analysis  of  BCl  In  the  test  with  Vonar.  The  calculated  safety  benefit  provided  by 
Vonar  was  60  seconds  for  the  particular  fire  scenario  that  was  simulated.  In  order  to  compare  the 
performance  of  Vonar  protected  cushions  with  the  ultimate  protection  —  noncombustible  cushions  —  a 
full-scale  test  was  conducted  with  the  seat  upholstery  covers  stuffed  with  Kaowool",  a  ceramic  fibrous 
Insulation.  Surprisingly,  the  Increase  In  safety  provided  by  the  noncombustible  cushions  over  that 
provided  by  the  Vonar  protected  cushions  was  only  8  seconds.  This  comparison  Indicated  that  the  fire 
protection  offered  by  Vonar  was  nearly  equivalent  to  a  ncncombustlble  cushion.  Thus,  If  not  a  practical 
solution  in  Itself,  Vonar,  by  Its  excellent  performance  In  full-scale  fire  tests,  provided  a  lofty  and 
achievable  fire  performance  goal  for  seat  cushion  blocking  layer  materials  under  consideration  for  air¬ 
craft  usage.  Figure  13  also  Indicates  that.  In  the  teat  conducted  with  a  noncombustible  Interior,  there 
was  no  detectable  detriment  to  survival.  Thus,  major  potential  Improvements  In  cabin  fire  safety  may 
exist,  beyond  that  provided  by  seat  cushion  blocking  layers,  from  an  upgrading  of  the  fire  performance  of 
the  remainder  of  the  cabin  Interior  (e.g.,  celling  panels,  stowage  bins,  etc.),  n'hether  there  exists 
materials  with  enhanced  fire  performance,  as  well  as  acceptable  functionality,  durability,  processability 
and  weight,  remains  to  be  determined. 

Smoke  was  not  a  component  of  the  human  survival  model  nlscussed  previously  In  this  paper.  Aside 
from  possible  physiological  and  psychological  effects  which  are  presently  beyond  mathematical  des¬ 
cription,  tlie  major  Impact  of  smoke  is  to  obscure  visibility  and,  thereby.  Increase  the  time  required 
to  evacuate  an  airplane.  Thus,  the  net  effect  from  the  existence  of  dense  smoke  will  be  prolonged 
exposure  of  cabin  occupants  to  fire  hazards,  which  may  ultimately  cause  Incapacitation  of  some  occupants 
before  they  are  able  to  escape.  The  loss  In  visibility  in  the  aft  cabin  was  calculated  and  plotted  In 
figure  lA  for  the  previously  discussed  full-scale  tests.  The  following  simple  equation  derived  by  Jin 
(reference  32)  was  employed  to  compute  visibility  fr  "i  the  light  transmissivity  measurements: 

D/L  x  V  -  3.5 

where 

D  >  optical  density  (D  •  log  1,  T  Is  fraction  of  light  transmitted) 

T 

L  •  light  transmlssometer  path  length 

V  •  visibility  of  a  backlighted  sign 

The  pK>st  striking  feature  of  the  curves  In  figure  14  Is  the  rapidity  by  which  visibility  became 
obscured;  e.g.,  In  some  cases  visibility  was  reduced  from  the  length  of  the  cabin  to  less  than  the  width 
of  the  cabin  In  approximately  IS  seconds.  Also,  by  comparing  figures  13  and  14,  it  Is  apparent  that 
smoke  became  an  Important  factor  well  before  survival  was  no  longer  theoretically  possible.  For  example, 
visibility  was  reduced  to  lesii  Chan  the  width  of  the  test  article  at  30  to  60  seconds  before  the  hypo¬ 
thetical  survival  time  for  each  of  the  three  full-scale  tests  with  Interior  materials.  The  ranking  of 
results  for  visibility  (figure  14)  was  Identical  to  the  rankings  for  hypothetical  survival  time 
(figure  13),  although  th^  time  Increments  between  the  curves  were  not  equal.  For  example,  the  application 
of  Vonar  to  aircraft  seats  Increased  the  hypothetical  survival  time  by  60  seconds  (figure  13),  whereas  the 
improvement  In  visibility  from  reduced  smoke  levels  was  48  seconds  (when  visibility  was  reduced  to  the  cabin 
width). 


SUMMARY  OF  SICHIFICANT  FINDINGS 


Based  on  the  full-scale  tests  and  analysis  described  In  tills  paper,  which  examined  the  cabin  fire 
hazards  arising  from  an  external  fuel  adjacent  to  a  large  fuselage  opening  in  an  intact  fuselage,  with 
minimal  fuel-fire  flame  penetration  but  Intense  radiation  Into  the  cabin,  the  following  are  the  signif¬ 
icant  findings: 

(1)  Burning  cabin  Interior  materials  can  be  the  primary  factor  affecting  occupant  survivability  In 
certain  types  of  postcrssh  fires  despite  the  presence  of  a  large  fuel  fire. 

(2)  Uncontrolled  postcrash  fires  In  an  intact  fuselage  will  produce  a  flashover  condition,  which 
will  oe  followed  by  a  loss  in  si<rvlvablllty  throughout  the  cabin. 

(3)  The  only  fire  hazards  of  Significance  offiasured  before  the  onset  cf  flashover  were  the  irritant 
gases,  HF  and  HCl,  and  smoke  produced  by  burning  composite  panels  and,  possibly,  seats. 

(4)  In  tests  with  zero  wind  and  the  cabin  Interior  realistically  furnished  and  lined  with  Inteiloi 
materials,  application  of  a  Vonar  fire-biocklng  layer  on  seat  cushions  Improved  the  calculated  survival 
time  in  the  aft  cabin  by  60  seconds. 

(5)  Potential  benefits  to  cabin  fire  safety  beyond  those  provided  by  seat  cushion  blocking  layers 
may  be  realized  from  Improvements  made  to  the  remaining  interior  materials;  however.  It  Is  presently  un¬ 
clear  If  effective  and  practical  alternate  materials  are  available , 
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ADDITIONAL  WORK 


lucre  are  a  number  of  planned  projects  with  the  C-133  test  article,  which  are  continuations  of  the 
Initial  work  cescibed  In  this  paper,  with  the  overall  goal  to  better  understand  and  characterize  the 
role  of  cabin  Interior  mcterlals  In  postcrash  cabin  fire  survivability.  Examlnatlor  of  the  effect  of 
fire  scenario  and  material  application  (e.g. ,  celling  paneling,  sidewalls,  carpeting,  e^c.)  on  cabin  fire 
hazard  development  is  planned.  Also,  advanced  Interior  materials  to  be  developed  and  Identified  by  the 
National  Aeronautics  and  Space  Administration  (NASA)  will  be  tested  in  a  realistic  manner  to  determine  if 
significant  Improvements  in  survivability  can  be  realized.  Finally,  the  C-133  test  article  will  be  uti¬ 
lized  in  a  study  designed  to  determine  which  small-scale  test  .esults  give  the  best  correlation  with  the 
hazards  of  burning  Interior  materials  during  a  postcrash  cabin  fire. 

A  considerable  amount  of  work  has  been  performed  on  seat  cushion  blocking  layers  beyond  that  des¬ 
cribed  in  this  paper.  Tests  by  the  FAA  have  demonstrated  that  potentially  destructive  In-fllght  and  ramp 
fires  can  be  prevented  by  the  application  of  cushion  blocking  layers.  Because  the  weight  penalty  of  Vonar 
PE  appears  excessive,  approximately  2-3  pounds  per  seat,  FAA  has  entered  Into  an  interagency  agreement 
with  NASA  to  develop  effective  lower  weight  blocking  layer  materials.  Ai,  Important  finding  under  this 
agreement  Is  the  apparent  effectiveness  of  aluminized  fabrics  encasing  untreated  urethane  cushions, 
resulting  In  minimal.  If  any,  weight  penalty.  FAA  plans  to  evaluate  this  configuration  under  full-scale 
postcrash  fire  conditions  In  the  C-133  test  article.  Tests  completed  by  the  FAA  have  demonstrated  that 
untreated  urethane  cushions  encased  In  an  aluminized  fabric  are  superior  to  unlayered  FR  urethane  cushions 
when  subjected  to  small  ignition  sources.  Other  efforts  under  the  Interagency  agreement  include  develop¬ 
ment  of  a  cost/weigh',  computer  program,  evaluation  of  the  durability  of  candidate  blocking  layer  materials 
and  large-  and  small-scale  fire  testa  on  candidate  materials.  Finally,  FAA,  NASA,  Boeing,  Lockheed,  and 
McDonnell  Douglas  are  participating  In  a  round-robin  evaluation  of  their  respective  small-scale  fire  test 
methods  for  seat  cushion  blocking  layers.  Eleven  material  configurations  are  being  evaluated  in  the 
round-robin  test  series  as  well  as  under  large-scale  fire  test  conditions. 
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SUMMARY 

In  reviewing  this  subject  the  author  emphasises  the  importance  of  achieving  a 
balanced  level  of  overall  safety  for  both  flight  and  crash  situations.  Comment  is  made 
on  past  and  current  R  &  D  both  in  the  area  of  external  fire  effects  and  occupant  escape. 

As  an  example  of  the  Constructors '  approach  to  crashworthiness  the  requirements 
developed  for  the  SST  are  outlined  together  with  chosen  examples  of  the  means  of 
compliance. 

The  complex  problem  of  cabin  interior  material  combustion  hazards  is  discussed  and 
a  detailed  account  is  given  of  visibility  tests  in  a  smoke-filled  cabin  including  an 
assessment  of  th*;  relative  importance  of  toxicity  effects  in  hindering  escape. 

NOMENCLATURE 

2 

A  Material  surface  area  ft. 

C  Gas  concentration  ppm 

D  Optical  density 

Ds  Specific  optical  density  of  a  material 

e  Exponential 

F  Transmitted  light  flux  (i.e.  light  received  after  passing  through  a  medium) 

Fo  Incident  light  flux  (i.e.  light  output  from  a  source  into  a  medium) 

Li  Light  path  length  through  medium  ft 

T  Percentage  of  light  transmitted  through  a  distance  L  of  a  medium  % 

V  Combustion  chamber  volume  ft^ 

O'  Photometric  attenuation  coefficient  of  a  medium 

SUFFIXES: - 
c  Cabin 

t  Test  cell  (i.e.  N.B.S.  Smoke  Chamber) 

'  Value  related  to  limiting  visibility  conditions 


1 .  INTRODUCTION 

The  design  of  civil  transport  aircraft  and  the  various  aspects  of  safety  is  l..rgely 
governed  by  internationally  recognised  Airworthiness  Regulations  imposed  by  various 
Certificating  Authorities.  In  addition  to  the  achievement  of  these  high  established 

standards  any  new  design  of  aircraft  is  carefully  reviewed  by  the  Airworthiness 

Authorities  in  collaboration  with  the  manufacturer  to  ensure  that  all  practical  and 
justi.-iable  measures  have  been  taken  in  the  interests  of  safety.  Recognition  that  these 

objectives  were  satisfied  in  respect  of  aircraft  curr.sntly  in  service  is  reflected  in 

the  Certificates  of  Airworthiness  held  for  these  aircraft. 
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2.  AIRWORTHINESS  AND  CRASHWORTHINESS 

Those  who  are  concerned  with  aviation  safety  will  appreciate  the  importance  of 
the  aircraft  constructors'  desire  to  achieve  a  nigh  standard  of  "overall  safety'",  but 
bearing  in  mind  that  the  major  period  of  passenger  occupation  of  the  aircraft  j.s 
spent  in  the  air  it  win  not  be  surprising  to  learn  that  the  constructors'  prime  concern 
has  been  to  minimise  in-flight  incidents  and  their  potential  consequences.  It  is 
important  to  recall  that  there  are  numerous  aspects  of  in-flight  fire  safety  already 
included  in  the  Airworthiness  Regulations  which  must  be  satisfied  by  the  Const.:uctor . 

When  these  are  compounded  with  other  requirements  to  minimise  post-crash  fire  occurrences, 
plus  the  provision  of  easy  access  to  systems  for  aircraft  maintenance,  or  ensuring  that 
the  weight  penalties  and  cost  are  kept  realistic,  then  it  becomes  obvious  that  many 
objectives  must  give  way  to  some  degree  of  compromise  without  impairing  the  basic  safety 
objectives . 

This  optimisation  of  an  aircraft  design  requires  considerable  foresight  at  the 
projecting  stage  since  no  amount  of  struggling  thereafter  can  totally  rectify  matters 
of  fundamental  conf igura.-.ion  without  incurring  enormous  cost  and  serious  delay  to 
design  programmes.  It  ic  therefore  important  that  the  various  specialist  disciplines 
are  properly  co-ordinated  if  tne  optimum  level  of  overall  safety  is  to  be  realised. 
Unfortunately,  the  discipline  of  Fire  Engineering  is  far  from  being  a  pure  science  and, 
of  necessity,  one  has  had  to  lean  heavily  on  accumulated  experience  of  past  accidents, 
the  interpretation  of  results  from  research,  and  the  application  of  engineering 
judgements. 

Due  to  the  variety  of  possible  aircraft  configurations  each  one  will  exhibit  certain 
advantages  or  disavantages  over  another  in  respect  of  in-flight  fire  safety  and  crash- 
worthiness.  For  example,  some  aircraft  have  their  engines  mounted  in  pod-  on  the  rear 
part  of  the  fuselage  as  opposed  to  on  the  main  wing.  Apart  from  the  obvious  aerodynamic 
advantages  of  leaving  the  flying  surfaces  aerodynamically  clean  the  following  safety 
advantages  were  claimed: - 

a)  Engine  fires,  which  are  by  far  the  most  frequent  occurrence,  would  not  result 
in  frames  passing  over  the  wing  structure  to  either  weaken  it  or  cause  hot 
surface  ignition  of  the  fuel  in  the  tanks.  Neither  would  they  pass  over  a 
high  mounted  tailplane. 

b)  Projectiles  from  uncontained  mechanical  failures  of  the  engine  would  not 
puncture  the  wing  tanks  and  release  an  unchecked  loss  of  fuel  or  cause 
possible  ignition.  This  consideration  is  relevant  to  ground  operations  of 
the  aircraft  as  well  as  in-flight.: 

c)  Projectiles  from  uncontained  engine  failures  would  not  puncture  the  pressure 
cabin  or  injure  passengers.  Again,  a  possible  ground  situation. 

d)  In  crash  situations  of  moderate  severity  the  engines,  being  mounted  high  up 
on  the  side  of  the  fuselage,  would  not  easily  be  wiped  off  or  damaged  such  as 

to  release  flammable  fluids  in  the  immediate  area  of  very  hot  surfaces.  However, 
on  the  other  hand,  these  engines  being  at  the  rear  might  more  readily  ingest 
kerosene  spilled  from  wing  tanks  in  more  severe  crash  cases. 

Similarly,  i-  might  be  argued  that  a  high  wing  aircraft  is  more  likely  to  escape 
wing  tank  damage  nan  a  low  wing  aircraft  in  a  crash  of  moderate  severity. 

Of  course,  there  are  counter  arguments  to  support  other  configurations  and  t'*'ey 
are  not  necessarily  dictated  by  crash  considerations. 

Apart  from  the  'onsideration  given  to  the  location  of  engines  in  relationship  to 
fuel  tanks,  potenti.-l  ly  destructive  energies  are  al.so  stored  in  such  items  as  under¬ 
carriages.  These  have  featured,  in  their  own  right,  in  many  accidents.  Undercarriages 
have  been  described  ’.s  a  necessary  evil.  They  are  c.'rtainly  massive  items  to  stow  away 
inside  the  airframe  considering  the  premium  of  space  available.  The  duty  cycle  is 
short,  but  it  is  severe  and  is  perfromed  at  critical  stages  of  aircraft  operation. 

Several  failure  cases  have  to  be  considered,  for  example,  the  burst  tyre  w’th  the 
gear  extended.  This  lesults  in  a  sudden  ••elease  of  pressure  energy  which  alone  Lu 
capable  of  causing  severe  deformation  and  damage  to  structure  in  the  immediate  area 
Associated  with  this  type  of  failure  there  is  the  possible  rclea.ie  of  part  of  the  t:2ad, 
or  even  the  whole  tread,  which  car.  unwind  and  whiplash  whatever  lies  in  its  path.  It  is 
therefore  essential  to  ensure  that  flammable  fluid  pipes  and  electrical  wiring  are  not 
exposed  to  this  r;sk  ot  damage  and  possible  fire  with  passengers  on  board  the  aircraft. 

Although  wheel  rotation  is  stopped  by  the  time  the  gear  is  stowed,  and  notwithstanding 
the  fact  that  protection  is  afforded  by  fusible  plugs  in  the  wheel  rim,  the  potential 
consequences  of  a  tyre- burst  in  the  stowed  position  also  receives  very  careful  consider¬ 
ation  . 

3.  POST-CRASH  FIRE  SURVEYS 

Kliat  is  a  post-crash  fire?  There  is  no  single  answer  to  this  question,  but  intensive 
studies  of  accident  data  have  been  conducted  with  a  view  to  identifying  any  common 
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factors  and  to  determine  whether  these  might  possibly  be  eliminated  by  practical  and 
cost-effective  design  action.  Whilst  many  accidents  have  clearly  demonstrated  the  value 
of  the  crash-fire  prevention  design  features  already  incorporated  on  aircraft,  as  is 
required  by  the  airworthiness  regulations,  it  is  also  clear  that  it  is  impossible  to 
design  for  every  eventuality.  Due  to  the  lack  of  adequate  information  and  the  extreme 
complexity  of  the  post-crash  fire  environment  many  of  the  past  surveys  of  accidents 
failed  to  define  the  problem  in  terms  that  would  permit  meaningful  regulatory  action  to 
be  taken.  However,  these  surveys  have  been  very  worthwhile  in  helping  to  direct  the 
course  of  research  and  development  from  which  we  will  gain  a  better  understanding.  In 
this  regard  the  two  most  informative  references  available  to  industry  at  the  present 
time  are  the  Final  Report  of  the  Special  Aviation  Fire  and  Explosion  Reduction  (SAFER) 
Advisory  Committee,  and  AGARD  Advisory  Report  No.  132. 

Faced  with  a  multiplicity  of  possible  post-crash  fire  scenarios,  which  are  reviewed 
in  great  detail  in  the  above  two  referenced  documents,  the  aircraft  constructor  will 
continue  tc  place  primary  importance  cn  crash  prevention.  However,  there  will  always  be 
scope  for  minimising  the  risk  of  fire  and  its  consequences. 

4.  RESEARCH  AND  DEVELOPMENT 

Looking  back  over  a  period  of  thirty  years  of  fire  engineering  involvement  I  have 
been  very  much  impressed  by  the  volume  of  research  effort  that  has  been  directed  to  the 
fire  safety  problem  and  to  the  crash  fire  problem  in  particular.  This  dedication, 
backed  by  massive  resources,  has  been  greatly  intensified  in  recent  years.  In 
particular,  the  output  of  data  from  the  U.S.A.  has  been  overwhelming  and  has  covered 
passenger  cabin  fire  situations  as  well  as  external  fuel  fire  situations. 

Not  all  of  the  past  research  was  successful  in  meeting  the  Initial  hopes  and  in 
consequence  did  not  result  in  the  issuance  of  new  regulations.  One  notable  example  was 
the  research  into  gelled  and  emulsified  fuels,  which  certainly  seemed  to  be  attacking 
the  heart  of  the  problem.  During  that  period  both  the  aircraft  constructors  and 
airworthiness  authorities  came  under  considerable  pressure  from  certain  sections  of  the 
public  which  did  not  understand  the  technical  difficulties.  Public  concern  is,  of 
course,  very  understandable,  especially  following  a  major  accident  involving  fire  - 
regardless  of  whether  it  was  otherwise  survivable.  Credit  is  not  always  given  for  the 
technological  improvements  that  have  been  introduced  into  aircraft  from  time  to  time. 

Also,  it  is  not  always  appreciated  that  the  constructors'  apparent  resistance  to  the 
introduction  of  new  but  premising  ideas  stems  from  their  insistance  that  exhaustive 
tests  be  carried  out  to  ensure  that  the  currently  attained  level  of  ove>-all  safety  is  not 
likely  to  be  diminished. 

In  addition  to  the  reviews  of  botn  cur.  nt  and  future  research  contained  in  AGARD 
Advisory  Report  132  and  the  Pinal  Report  c  the  SAFER  Committee  these  two  recent 
documents  also  contain  detailed  descripti  .s  of  the  numerous  fire  safety  measures  already 
incorporporated  in  aircraft  designs  by  the  manufacturers.  In  so  far  as  representatives 
of  the  civil  aircraft  industry  participated  in  the  activities  of  these  committees  their 
views  on  all  currently  suggested  concepts  for  further  post-crash  fire  protection  have 
been  fully  recorded.  These  reports  are  also  seen  as  significant  in  that  they  present  an 
international  consensus  of  expert  opinio.i  on  all  aspects  of  aircraft  design  and  operation. 

Some  of  the  new  concepts  that  have  been  proposed  for  research  are  quite  clearly  high 
risk  concepts  involving  high  costs  far  beyond  the  resources  of  any  one  manufacturer. 

If  rapid  progress  is  to  be  realised  in  these  programmes  then  significant  funding  by 
governments  would  seem  essential. 

Concepts  that  have  been  suggested  Cor  post-crash  fire  and  fuel  t^'nk  explosion 
prevention  include  nitrogen  inerting  (both  liquid  and  on-board  gas  ge  erating  systems), 
reticulated  polyurethane  foam  or  expanded  metal  foil,  explosion  suppression  systems, 
crash-resistant  bag  tanks,  and  Anti-Misting  Kerosene  (AMK) .  Bag  tanks  are  currently 
used  in  limited  applications  whilst  the  other  concepts  have  serious  disadvantages  for 
civil  aircraft  or  are  not  sufficiently  developed  to  be  acceptable.  The  aircraft 
Constructor  and  Airworthiness  Authorities  must  be  satisfied  that  the  claimed  safety 
gains  are  not  nullified  by  hidden  additional  har.ards .  The  Constructors  endorse  the 
conclusion  exprersed  by  the  SAFER  Committee  that  AMK  technology,  if  successful  and 
practicable,  could  provide  the  single  most  significant  safety  improvement  to  reduce  the 
post-crash  fire  hazard. 

5.  PASSENGER  EVACUATION  SYSTEMS 

Over  the  past  years  of  aircraft  operations  the  inflatable  type  escape  slide  has 
clearly  demonstrated  its  worth  in  achieving  rapid  evacuation  of  aircraft  occupants  in 
emergency  situations.  However,  they  are  extremely  sensitive  to  fire,  and  should  they  be 
attacked  by  even  small  flames  from  an  encroaching  pool  fire,  they  could  quickly  deflate 
when  a  few  more  vital  seconds  might  save  lives.  Following  actual  incidents  of  this  kind 
a  programme  of  research  was  put  in  hand  both  in  the  U.K.  and  U.S.A.  to  investigate 
materials  and  protective  coatings  that  might  at  least  extend  the  survival  time  of  the 
escape  slide  when  exposed  to  radiant  heat.  Some  coatings  have  already  been  developed, 
the  priority  now  being  to  determine  whether  these  coatings  can  be  satisfactorily  applied 
to  slides  currently  in  service.  This  approach  would  seem  to  be  very  necessary  bearing  in 
mind  the  vast  number  of  slides  that  are  in  existence  with  many  years  of  useful  life  still 
remaining . 
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The  level  of  radiant  heat  chosen  for  some  of  these  tests  was  2  to  3  Watts/om^.  This 
is  believed  to  equate  to  the  threshold  of  pain  during  a  1.5  second  exposure  of  a  person 
coming  down  the  slide.  Not  surprising,  the  weakest  areas  of  inflatable  slides  in  the 
presence  of  flame  are  the  adhesive  bonded  seams. 

It  must  also  be  remembered  that  on  some  aircraft  the  inflatable  slides  are  designed 
to  be  used  as  rafts  in  the  event  of  aircraft  ditching  over  water.  Therefore,  in 
developing  heat -reflective  coatings  consideration  is  having  to  be  given  to  the  loss  of 
conspicuity  -  the  present  colour  being  orange. 

In  developing  any  new  materials  and  constructions  for  slides  it  is  the  Constructors' 
hope  that  the  final  bulk  package  will  be  no  larger  or  heavier  than  is  currently 
accommodated  on  the  aircraft  evacuation  doors.  The  rapid  and  automatic  deployment  of 
slides  is  a  crucial  factor  in  passenger  evacuation,  and  whilst  the  regulations  require 
a  90  second  evacuation  to  be  possible  with  only  half  of  the  available  slides,  any  cases 
of  a  slide  failing  to  deploy  in  actual  accidents  must  be  thoroughly  investigated  and 
corrected . 

6.  SMOKE  HOODS 

Smoke  hoods  as  a  potential  life  support  system  in  a  cabin  filled  with  gaseous 
products  of  combustion  have  been  researched  and  debated  for  at  least  the  past  fifteen 
years  -  off  and  on.  Whilst  maintaining  the  view  that  the  provision  of  such  things  for 
donning  by  passengers  during  emergency  evacuations  is  not  practical  they  are, 
nevertheless,  continuing  to  be  examined.  3'  is  understood  that  of  three  types  currently 
under  review  the  type  most  favoured  works  on  a  filtration  principle.  The  filter  does 
not  aope  with  all  the  'nasty*  products  but  I  understand  it  prevents  suffocation. 

Whilst  it  may  not  be  difficult  to  determine  the  basic  physiological  performance 
requirements,  there  are  major  psychological  problems,  not  least  of  which  are  the 
claustrophobic  effect,  the  reduced  visibility,  and  the  interference  upon  communication 
which  will  prevent  the  wearer  hearing  instructions  during  evacuation. 

7  SECURITY  OF  CABIN  FURNISHINGS  DURING  A  CRASH 

Having  noted  from  some  crash  reports  that  overhead  stowage  bins  came  adrift  and  swung 
down  over  the  passengers  the  design  and  adequacy  of  the  catches  is  being  scrutinised  with 
a  view  to  correcting  the  fault.  It  seems  that  whilst  the  catches  are  demonstratably 
adequate  when  static  loads  are  applied  they  may  not  remain  secure  in  the  dynamic 
environment  of  some  types  of  crash.  It  is  thought  that  flexing  of  the  metal  fuselage 
structure  may  be  more  significant  than  general  vibration.: 

8  CRASHWORTHINESS  REGULATIONS  AND  COMPLIANCE 

Perhaps  the  most  comprehensive  set  of  regulat;ons  governing  crashworthiness  and 
occupant  survival  are  those  developed  for  the  Supersonic  Transport  aircraft.  These 
are  known  as  TSS  Standards,  and  Standard  No.  5-5,  in  addition  to  defining  the  safety 
objectives,  contains  very  stringent  requirements  for  cabin  design,  fuel  tanks,  landing 
gear,  nacelles  and  engine  mountings,  systems  design,  and  vital  actions  in  the  case  of 
a  crash.  It  also  defines  the  type  of  analysis  that  is  required  to  be  carried  out  by  the 
Constructor.  For  example,  these  state: - 

a)  "The  Constructor  should  demonstrate  that  the  behaviour  of  the  aeroplane  in  crash 
landing  conditions  is  acceptable  by  studying  the  failure  characteristics  of  the 
structural  elements  affected  by  a  crash  landing  and  their  effects  on  safety,  and 
by  studying  the  behaviour  of  the  aeroplane  in  typical  crash  cases  on  landing  and 
take-off" . 

b)  "The  Constructor  should  study  the  failure  characteristics  of  the  structural  parts 
directly  affected  by  a  crash  landing,  the  purpose  of  this  study  being  to  determine 
the  seriousness  of  the  effects  which  failure  of  these  parts  will  have  on  the  safety 
of  the  occupants.  The  study  will  in  particularly  enable  an  estimate  to  be  made  of 
the  risk  of  failure  of  the  fuel  tanks". 

In  showing  conformance  with  these  objectives  it  was  first  necessary  to  agree  a  set 
of  crash  situations  of  moderate  severity  in  which  the  occupant  could  reasonably  expect 
to  survive  and  which  could  most  benefit  from  existing  technology.  It  was  noted  from 
the  records  of  subsonic  aircraft  accidents  that  these  situations  were  those  which 
occurred  on  or  near  airports;  also  that  the  landing  gear  either  failed  or  broke  off  on 
impact,  or  for  some  reason  was  not  lowered.  The  analysis  carried  out  by  the  Constructors 
was  based  upon  the  accident  summaries  contained  in  the  Air  Registration  Board  (ARB) 

"World  Airline  Accident  Summary"  covering  a  period  of  four  years  1.968  to  1971 .  The 
object  of  the  analysis  was  to  determine  the  most  frequent  undercarriage  failures  and 
their  causes  and,  in  addition,  to  establish  the  frequency  of  fires  associated  with  or 
resulting  from  undercarriage  failures.  During  the  four  year  period  considered,  there 
were  135  accidents  involving  fa.’ lure  of  undercarriages;  16  of  these  were  at  take-off 
v/eight.  Only  11  of  the  accidents  (8%  of  the  ^otal  number)  involved  fire,  1  was  at  take¬ 
off  weight  and  10  at  landing  weight.  Of  the  42  large  turbojet  aircraft  accidents  7  of 
these  involved  fire.  Extracts  of  this  analysis  are  presented  graphically  in  figures  (6) 
to  (9) . 


For  the  purposes  of  certificating  the  SST  the  following  typical  crash  cases  were 
agreed  for  analysis: - 

a)  Simultaneous  failure  of  both  main  landing  gears  on  landing. 

b)  Landing  with  all  three  landing  gears  retracted. 

c)  Collapse  or  failure  to  extend  one  main  landing  gear. 

d)  Collapse  of  the  three  landing  gears  at  take-off. 

e)  Premeditated  landing  with  none  gear  up  using  Crew  Manual  technique. 

These  abnormal  attitudes  of  the  aircraft  are  shown  in  figures  1  to  4.  They  also 
show  the  height  of  the  various  evacuation  doors  from  the  ground  whilst  figure  5  shows 
the  escape  routes  relative  to  the  fuel  tanks  and  engines. 

For  each  of  these  crash  situations  an  extensive  structural  analysis  was  undertaken 
from  which  predictions  were  made  of  anticipated  structural  damage  or  deformation.  This 
was  followed  by  a  detailed  study  of  possible  consequential  effects  on  all  the  various 
systems  to  ensure  that; 

a)  flammable  fluid  spillage  was  unlikely  to  occur  or  that  the  quantity  would  be 
minimised. 

b)  electrical  circuits  would  not  be  damaged  such  that  essential  crash-drill  functions 
could  not  be  accomplished. 

c)  the  ability  to  evacuate  the  occupants  was  maximised  taking  into  account  possible 
areas  of  fire  risk. 

These  studies  proved  to  be  both  necessary  and  rewarding  since  various  modifications 
were  shown  to  be  possible',  and  as  a  result,  the  risk  of  fire  was  further  minimised  and 
occupant  survival  prospects  enhanced. 

For  example,  the  mounting  structure  for  the  rear  part  of  the  engine  nacelles  was 
redesigned  to  achieve  a  more  predicable  progression  of  rearward  and  upward  crushing. 

The  risk  of  tank  rupture  was  thereby  further  minimised.  However,  it  must  be  said 
that  modifications  can  be  very  expensive  and  can  have  a  serious  impact  on  programmes. 

It  was  also  interesting  to  note  from  the  study  that  design  features  which  had  been 
provided  for  other  airworthiness  considerations  also  had  a  benefit  in  the  crash 
situation.  For  example,  the  provision  of  two  separate  circuits  of  electrical  wiring  to 
the  L.P.  fuel  shut-off  valve  ensured  the  survival  of  at  least  one  of  these  in  the  event 
of  an  uncontained  mechanical  failure  of  an  engine.  It  was  also  possible  to  refine  the 
crew  drills,  such  as  instructing  an  action  that  would  consume  residual  hydraulic 
pressure  fo  c  ruse  the  elevens  to  be  in  the  correct  state  for  rear  escape  slide  deployment 
and  use . 

Although  the  prime  objective  was  to  prevent  the  release  of  fuel  the  Constructors 
recognised  that  accidents  might  occur  in  which  tanks  could  also  be  ruptured  by  striking 
large  obstacles  and  that  fire  might  result.  Having  regard  to  the  fact  that  during  take¬ 
off  and  landing  the  four  collector  tanks  on  the  Concorde  contain  warm  fuel  as  a  result  of 
kinetic  heating,  the  question  arose  as  to  whether  this  factor  presented  any  particular 
hazard  compared  with  subsonic  operations.  In  other  words,  would  a  tank  containing  fuel 
at  elevated  temperature  be  more  likely  to  explode  within  a  period  of  five  minutes  if 
subjected  to  an  external  ground  fire  than  one  one  containing  cold  fuel? 

One  of  the  difficulties  in  dealing  with  such  a  question  was  the  definition  of  a 
"ground  fire".  Who  was  to  decide  the  area  and  quantity  of  fuel  involved,  the  intensity 
of  the  fire  in  terms  of  temperature  and  heat  flux,  the  dynamics  of  the  fire  in  varying 
wind  conditions,  and  many  other  factors?  Of  course  there  is  not  such  a  thing  as  a 
"Standard  Ground  Fire''. 

At  the  time  this  was  under  consideration  the  FAA  were  instituting  a  series  of 
crasn  fire  studies  and  tests  at  NAFEC  in  Atlantic  City  (reported  in  Ref. 5)  and  they 
agreed  at  the  Concorde  Constructors '  request  to  include  some  testing  at  elevated  fuel 
temperatures . 

The  conclusion  we  drew  from  these  tests  was  that  there  is  little  difference  in  the 
time  to  explosion  (if  one  occurs  at  all)  whether  the  fuel  is  initially  warm  or  cold. 

This  is  because  the  prime  factor  is  the  time  taken  for  the  tank  skin  to  reach  hot 
surface  ignition  temperature  and  not  the  initial  state  of  the  fuel  and  ullage  in  the 
tank . 

The  NAFEC  tests  also  revealed  an  interesting  phenomenon  of  self -inerting  within  the 
tank  for  some  external  fire  conditions.  It  seems  that  at  slow  rates  of  tank  heating  the 
hydrocarbons  combine  with  oxygen  thus  preventing  an  explosion. 


9.  CABIN  INTERIOR  MATERIALS  FIRE  SAFETY 


A  considerable  amount  of  research  and  development  continues  to  be  carried  out  into 
the  role  of  cabin  interior  materials  in  post-crash  fire  situations.  Of  course,  the 
results  of  this  work  will  also  pay  dividends  in  the  in-flight  cabin  fire  situation. 

The  results  obtained  from  this  kind  of  research  will  be  of  direct  concern  to  aircraft 
manufacturers  inasmuch  as  they  influence  the  possible  promulgation  of  new  airworthiness 
regulations.  Over  the  past  decade  of  aircraft  designing  activity  the  Constructors 
responded  to  three  main  Notices  of  Proposed  Rule  Making  (NPRM)  issued  by  the  FAA.  These 
were  jpecifically  addressed  to  "Fuel  System  Explosion  Prevention"  e.g.  nitrogen  inerting, 
"Compartment  Interior  Materials  Toxic  Gas  Emissions",  and  "Smoke  Emission  from  Compartment 
Interior  Materials".  In  August  1978,  after  two  Public  Hearings,  one  on  fuel  system  fire 
safety  and  one  on  interior  materials,  all  three  notices  of  proposed  rule  making  were 
simultaneously  withdrawn  as  being  inappropriate  at  that  time  and  state  of  knowledge.  This 
withdrawal  action  was  taken  in  conjunction  with  the  establishment  of  the  SAFER  Committee. 

In  spite  of  the  withdrawal  of  tnese  notices  the  aircraft  manufacturers  continued  with 
their  research  in  the  hope  that,  by  extending  their  knowledge  of  material  combustion, 
passenger  survivability  might  be  enhanced.  It  is  now  widely  acknowledged  that  material 
combustion  and  the  effect  of  the  resultant  gaseous  products  on  passenger  survivability 
is  extremely  complex.  Indeed,  it  defies  comprehension  by  many. 

Meaningful  test  methods  having  the  necessary  simplicity  for  manufacturers  to  evaluate 
the  overall  combustion  hazard  of  materials  either  do  not  exist  or  are  not  sufficiently 
developed.  Furthermore,  manufacturers  are  not  authorised  to  experiment  with  animals, 
but  even  if  they  were,  this  would  be  impracticable  for  routine  screening  of  materials. 

Faced  with  these  constraints,  British  Aerospace  decided  to  conduct  some  full-scale 
tests  to  provide  correlation  between  smoke  density  and  loss  of  visibility.  In  addition, 
a  theoretical  evaluation  of  the  hazard  from  toxic  gas  effects  related  to  the  hazard  due 
to  loss  of  visibility  was  made.  The  exercise  was  considered  worthwhile  at  the  time  since 
the  smoke  and  toxicity  data  available  related  to  what  we  might  now  term  "older  materials". 
It  was  hoped  that  the  results  would  point  a  new  course  of  direction  in  the  selection  and 
development  of  materials  whilst  more  specialised  research  was  conducted  elsewhere. 

10.  DETAILS  OF  CABIN  SMOKE  TESTING 


Pyrolysis  of  cabin  furnishings  will  in  general  produce  smoke  and  a  mixture  of  toxic 
gases.  These  products  may  have  any  or  all  of  the  following  effects  deleterious  to  a 
subject's  ability  to  escape  from  a  burning  cabins - 


a)  Deterioration  of  visibility  due  to 

b)  Deterioration  of  visibility  due  to 

c)  Deterioration  of  visibility  due  to 

d)  Physiological  effects  of  breathing 
other  than  lacrymatic  effects. 

e)  Psychological  effects  of  (a),  (b)’. 


light  attenuation  by  smoke, 
lacrymatic  effects  of  smoke, 
lacrymatic  effects  of  noxious  gases, 
hot  and/or  irritant  and/or  toxic  gases, 

(c)  and  (d). 


The  smoke  test  conducted  was  concerned  solely  with  the  effect  of  light  attenuation 
on  visibility  (i.e.-  (a)),  and  experimental  investigation  of  any  of  the  other  listed 
effects  was  precluded  by  practical  considerations.-  For  example  lacrymatic  and  irritant 
effects  of  smoke  or  gases,  and  psychological  effects  would  be  very  difficult  to  define 
and  measure. 


10.1.  TEST  FACILITY 

It  was  suspected  that  ambient  lighting  level  could  have  a  significant  effect  on 
visibility  through  smoke.  For  this  reason  it  was  considered  that,  in  order  for  test 
results  to  be  applicable  to  aircraft  cabin  situations,  it  was  necessary  to  use  a  test 
chamber  that  was  reasonably  representative  of  a  typical  aircraft  cabin,  particularly 
with  regard  to  windows  and  artificial  lighting  arrangements.  A  VCIO  forward  fuselage 
shell  was  i,i  fact  utilised.  It  was  completely  unfurnished,  but  any  effect  on  ambient 
light  levels  due  to  different  internal  surface  absorption  and  reflection  characteristics 
of  a  bare  and  a  furnished  cabin  were  not  considered  likely  to  be  significant. 

The  fuselage  section  (see  Fig.  10)  was  divided  by  a  bulkhead  containing  an 
observation  window  into  a  test  section  approximately  30  ft.  long  and  a  small  observation 
and  control  area.  Removable  blackout  covers  were  provided  for  cabin  windows,  and  a 
blackout  curtain  was  fitted  over  the  obser'’ation  window. 

Simple  overhead  lighting  units  intended. to  be  representative  of  typical  aircraft 
units  were  installed.  Illuminated  distance  markers  were  hung  from  the  cabin  roof  at 
5  ft.  intervals  along  the  centre  line  to  provide  a  visibility  datum.  A  typical 
internally  illuminated  aisle  exit  sign  with  red  letters  on  a  white  background  was 
mounted  at  a  representative  height  on  a  carriage  which  could  be  moved  along  the  cabin 
and  positioned  at  known  distances  from  the  observation  window.  The  letters  were  1.6  in. 
high  with  0.3  in.  stroke  width. 


A  smoke  generator,  controllable  from  the  observation  area,  was  positioned  in  the 
test  area  adjacent  to  a  large  electric  fan  provided  to  ensure  even  smoke  distribution. 

A  smoke  meter  situated  near  the  centre  of  the  cabin  consisted  of  a  constant  voltage 
collimated  light  source  directed  at  a  photo  conductive  cell  3  ft.  away,  both  components 
being  mounted  on  a  common  beeun.  Smoke  meter  output,  which  was  roughly  proportional  to 
transmittance  of  the  light  path,  was  measured  on  a  milliameter  and  continuously 
monitored  on  a  paper  trace  recorder.  The  smoKe  meter  was  provided  with  a  remotely 
operated  shutter  for  zero  calibration. 

10.2  TESTING  CONDUCTED 

10.2.1.  Preliminary: 

Preliminary  runs  were  conducted  to  checkout  the  facility  and  in  particular: - 

a)  Ascertain  that  smoke  distribution  was  even,  both  vertically  and  horizontally  along 
the  cabin. 

o)  Ensure  that  the  smoke  meter  output  was  independent  of  ambient  temperature', 
ambient  lighting  level',  and  fan  induced  vibration. 

10.2.2.  Calibration: 

a)  The  smoke  meter  was  calibrated  using  filters  of  measured  optical  density.  This 
was  repeated  five  times  during  the  course  of  subsequent  testing  and  provided 
calibration  curves  (one  for  the  galvanometer,  one  for  the  paper  trace  recorder) 
of  actual  density/ft.  against  indicated  transmission. 

b)  The  cabin  lighting  system  was  calibrated  using  a  Magnetron  D  15  light  meter 
(reading  to  0.1  lux  at  +  5%).  With  a  given  exit  sign  voltage  this  allowed 
marker  light  and  interior  light  voltages  to  be  set  such  that  the  Illumination 
level  with  blackouts  approximated  to  FAR  minimum  emergency  requirements  (i.e. 

at  24  inch  height  along  cabin  centre  line  vertical  flux  read  at  40  inch  intervals 
should  give  a  lowest  reading  of  0.025  lumen/ft*  minimum  and  an  average  of  0.06 
lumen/ft*  minimum) . 

c)  An  exposure  photometer  (measuring  surface  brightness)  was  used  to  set  the  exit 
sign  voltage  to  a  value  giving  a  background  brightness  equal  to  FAR  require¬ 
ments  (25  ft  -  lambert  minimum). 

10.2.3.  Observer  Vision  Standard  Effects: 

Limited  tasting  was  conducted  to  attempt  to  establish  if  there  were  any  major 
differences  iti  observations  between  different  observers.  Eight  observers  were  used 
and  the  following  factors  considered: - 

a)  Vision  standard.- 

b)  Adaptation  rate  (to  change  in  light  level). 

c)  Use  of  vision  correction. 

d )  Age . 

10. 2. 4.  Visibility  Testing: 

Testing  was  initially  conducted  to  establish  the  maximum  smoke  density  at  which  the 
exit  sign  and  distance  markers  could  be  seen  for  a  given  distance  from  the  observation 
'•’iiidow.  Subsequently  a  high  intensity  bulb  positioned  near  the  floor  was  substituted 
for  the  exit  sign.  When  operated  at  their  design  voltage,  visibility  of  these  bulbs 
was  not  good.  They  were  therefore  used  at  a  gross  overload  voltage  (2-3  times  design 
voltage) . 

The  testing  was  conducted  for  four  cabin  illumination  levels: - 

a)  Total  Blackout  (within  capability  of  window  screens,  and  with  very  dim  illumination 
being  given  by  exit  sign  and  marker  lights). 

b)  Emergency  Lighting  Level  -  blackouts  on,  and  exit  sign,  cabin  lights  and 
marker  lights  on  at  voltages  established  in  paragraph  10.2.2.  (b)  and  (c). 

c)  Dull  Daylight  -  blackouts  off  and  heavy  cloud  outside,  exit  sign  and  marker  lights  on. 

d)  Bright  Daylight  -  blackouts  off  and  little  or  no  cloud,  exit  sign  and  marker  lights 
on. 

Experimentation  with  different  observation  methods  was  carried  out  and  a  standard 
observation  method  for  each  lighting  configuration  envolved.  Each  method  was  basically 
intended  to  provide  a  constant  level  of  observer  vision  adaptation  for  each  type  of 
test  prior  to  and  during  each  observation. 
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For  the  Total  Blackout  and  Emergency  Lighting  tests  ((a)  and  (b))  the  lighting 
level  in  the  control  and  observation  area  was  maintained  at  a  level  approximating  to 
that  produced  by  normal  aircraft  lighting.  The  observer  was  adapted  to  this  lighting 
for  a  minimum  of  5  minutes  prior  to  each  observation,  which  was  made  from  between  the 
observation  window  and  the  blackout  curtain. 

For  the  Dull  Daylight  and  Bright  Daylight  tests  ((c)  and  (d))  the  exterior  door  of 
the  control  and  observation  area  was  opened  and  the  observer  exposed  to  daylight  between 
observations . 

Each  of  these  adaptation  techniques  was  designed  to  approximate  to  the  situation 
that  an  aircraft  occupant  might  be  expected  to  experience  prior  to  an  emergency 
evacuation  in  night  and  daytime  situations  repectively. 

The  actual  observation  was  of  5  sec.  duration,  at  the  end  of  which  time  the  observer 
decided  whether  or  not:- 

a)  The  exit  sign  was  readable. 

b)  The  exit  sign  illumination  or  high  intensity  bulb  illumination  (as  applicable)  was 
visible . 

c)  Each  distance  marker  was  readable. 

d)  Each  distance  marker  illumination  was  visible. 

For  each  run  a  series  of  observations  was  made  with  smoke  density  increased  by  a 
small  increment  between  each  observation.  At  the  point  where  any  of  the  events  listed 
above  occured  (e.g.  exit  sign  unreadable  at  one  observation,  having  been  readable  for 
the  previous  observation)  the  smoke  meter  reading  was  recorded  and  the  paper  trace 
marked.  By  decreasing  the  sign  or  bulb  distance  frcxn  the  observer  and  continuing  to 
increase  density,  characteristics  of  indicated  transmission  vs  observation  distance  for 
threshold  readability  and  visibility  of  exit  sign  or  high  intensity  bulb,  and  markers, 
were  obtained.  Using  the  smoke  meter  calibration  curve  (see  paragraph  10.2.2.  (a)) 
the  characteristics  were  converted  into  actual  density/ft  vs  observation  distance. 

A  number  of  runs  were  conducted  with  the  exit  sign  for  each  of  the  four  lighting 
configurations.  There  were  fewer  repeats  with  the  H.I.  bulb  but  all  four  configurations 
were  ag,iin  covered. 

10.3.  RESULTS  OF  SMOKE  TESTS 

10.3.1.  Preliminary  Testing: 

The  results  of  this  testing  (see  paragraph  10.2.1)  showed  that  an  even  smoke 
distribution  throughout  the  cabin  was  .obtained  within  a  few  seconds  of  switching  off 
the  smoke  generator,  and  that  the  natural  smoke  decay  rate  was  low. 

The  smoke  meter  was  found  to  be  quite  insensitive  to  ambient  lighting  level, 
temperature  variation,  and  vibration;  and  smoke  condensation  on  the  lenses  was  not 
found  to  be  a  problem.  Some  wandering  of  the  0  and  100%  meter  data  was  experienced, 
believed  due  to  photo  cell  drift,  but  it  was  found  possible  to  allow  for  this 
adequately. 

10.3.2.  Observer  Vision  Standard  Effects: 

An  observer  with  poor  vision  (e.g.  myopia)  could,  of  course,  be  unable  to  read  the 
exit  sign  even  in  the  absence  of  smoke.  v;ith  the  particular  observer.*;  employed  however, 
this  did  not  occur,  although  there  was  a  sufficient  range  of  vision  standard  to  show  up 
any  major  effects  in  smoke. 

The  testing  conducted  was  not  exhaustive  but  was  adequate  to  show  up  any  significant 
trends.  There  was  some  scatter  in  results  between  observers  and  between  runs  but  this 
was  of  a  fairly  smaii  order.  No  consi.stent  differences  that  could  be  correlated  to  the 
factors  listed  in  paragraph  10.2-3.  were  found. 

10.3.3.  Visibility  Testing: 

No  significant  variation  in  results  was  found  with  varying  adaptation  times  and 
light  levels  prior  to  and  during  each  observation.  However,  the  standard  observation 
methods  evolved  (para  10.2.4.)  v/ere  employed  to  ensure  consistency. 

In  most  cases  repeatability  was  very  good.  The  difference  in  observation  distance 
between  tv;o  similar  tests  for  the  same  event  to  occur  at  the  same  density/ft.  was  in 
general  less  than  1.5  ft. 

Figures  11  and  12  show  plots  of  density/ft.  vs  distance  for  exit  sign  readability  and 
visibility  limits  respectively.  Each  curve  represents  mean  results  of  two  or  three  test 
runs . 


It  can  be  seen  that  there  is  negligible  difference  between  results  for  total  blackout 
and  emergency  lighting  conditions .  However,  for  daylight  conditions  there  is  a  marked 
adverse  effect  on  both  readability  and  visibility  compared  to  blackout  conditions,  giving 
a  difference  in  terms  of  distance  (at  a  particular  density)  in  the  order  of  3ft.  at  near 
distances  and  10  ft.  at  far  distances.  This  is  an  expected  effect  in  this  situation  as 
an  observer  sees  by  means  of  the  contrast  between  the  object  (e.g.  exit  sign)  and  the 
background,  i.e.  the  smoke.  At  higher  ambient  lighting  levels  the  particles  of  smoke 
are  more  highly  illuminated  and  contrast  is  low. 

The  difference  between  readability  and  visibility  is  seen  by  comparison  of  Figs.  11 
and  12  to  be  very  small  for  near  distances  and  in  the  order  of  1  to  5  ft  for  far 
distances . 

High  intensity  bulb  visibility  when  operated  at  gross  overload  voltage  is  shown  in 
Fig.  13.  By  comparison  with  Fig.  12  it  is  seen  that  the  bulb  is  visible  at  a 
significantly  greater  distance  than  the  exit  sign  illumination.  Even  though  the  H.I. 
bulbs  were  overloaded  their  life  was  found  to  be  several  times  as  long  as  that  guaranteed 
by  the  manufacturers. 

However,  it  was  difficult  to  assess  what  potential  value  a  high  intensity  light 
source  may  have.  It  cannot  be  assumed  that  either  calm  or  panic  stricken  escapees 
would  necessarily  be  attracted  towards  it;  the  reverse  could  be  the  case. 

10.4.  THEORY 


Relevant  theory  is  considered  below  in  some  detail  to  eitphasise  the  difference 
between  optical  density  (D)  and  specific  optical  density  (Ds). 

10.4.1.  Definitions: 

a)  Light  transmission  through  a  mediiun  with  photometric  attenuation  coefficient  O'  is 
defined  by  Bouguer's  Law  (also  called  Leunbert's  or  Beer's  Law);- 


F 


Foe 


-OTL 


<») 


b)  Transmission  T  (%)  is  defined  by: • 


T  =  100 


c)  Optical  density  D  is  defined  by: 

D  =  log. 


from  Eq.  (2) 


Fo  =  0^ 
F'  T 


from  Eq.  (3)  and  (4)  D  =  lO9|0  (iOO) 

(  T  ) 


<2) 

-(4) 

■(5) 


This  is  a  useful  relationship  as  smoke  meters  read  transmission,  and  optical  density  is 
usually  required. 

10.4.2.  Specific  Optical  Density: 

Specific  optical  density  of  a  material  is  defined  by: - 


Ds  =  D 


V 

AL 


-(6) 


Where  D  is  the  density  measured  at  a  given  time  from  start  of  combustion,  and  V  and 
L  are  as  defined  under  Nomenclature. 

Photometric  transmission  and  optical  density  as  defined  in  paragraph  10.4.1.  are  by 
their  definitions  related  only  to  light  attenuation  in  a  medium  (e.g.  water,  glass, 
smoke)  and  have  no  specific  relationship  to  the  production  of  smoke  from  a  burning 
material  specimen. 

Specific  optical  density  on  the  other  hand  is  related  only  to  smoke  produced  from  a 
burning  material.  Its  purpose  is  to  provide  a  measure  of  the  smoke  producing  properties 
of  materials.  Implicit  in  the  definition  of  Ds  are  the  assumptions  that  when  a  material 
is  burnt  in  a  chamber  the  optical  density  of  the  smoke  produced  is:- 
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Directly  proportional  to  the  specimen  surface  area. 
Inversely  proportional  to  the  chamber  volume. 


a) 

b) 


It  is  known  that  these  assumptions  are  not  strictly  correct  and  that  there  are 
other  factors  affecting  smoke  density  produced  from  burning  (e.g.  temperature,  material 
thickness’,  etc.). 

Smoke  density,  and  hence  Ds  value  also,  obviously  depends  on  tlie  time  from  start 
of  burning.  The  practice  with  the  M.B.S.  chamber  (see  below)  was  to  quote  the  Ds  values 
at  1  1/2  min.  and  5  min.  from  start  of  combustion,  although  for  a  complete  definition, 
a  time  based  plot  is  required. 

It  is  stressed  that  on  its  own  the  Ds  value  of  a  material  does  not  give  any 
indication  of  what  smoke  density  may  be  produced  by  burning  a  piece  of  the  material. 
Optical  density/ft.  depends  on  Da,  A,  and  V.  Thus  in  a  given  cabin  volume  1  ft*  of 
material  used  in,  say,  a  light  fixture  and  having  a  Ds  value  of  600  will  produce  almost 
twice  the  smoke  density  of  for  example  20  ft*  of  carpet  having  a  Ds  of  16. 

The  N.B.S.  smoke  chamber  is  commonly  used  to  measure  Ds  values.  For  this  chamber: - 
V  =  18  ft? 

A  =  4.56  X  10~^ft?  (2.96  in*  ) 


L  =  3  ft. 


i.e.  y_  =  18 _  =  132 

AL  4.56  X  loT^x  3 


from  Eq.  (5)  and  (6)  Da  =  V  loo,.  (100) 

AL  3'®  (~) 


i.e.  Ds  =  132  LoSjojlOO) 


where  Tt  is  the  transmission  measured  by  the  N.B.S.  chambes  smoke  meter. 

10.5.  EFFECT  OF  VISIBILITY  LOSS 

The  hindrance  to  evacuation  of  a  cabin  due  to  combustion  products  is  obviously 
related, among  other  things,  to  the  degree  of  visibility  loss  in  the  cabin  due  to  smoke, 
i.e.  related  to  smoke  density.  This  testing  was  not  aimed  at  investigating  this 
hindrance/visibility  relationship  and  it  would  be  difficult  to  devise  means  of  doing 
so.  To  assess  the  meaning  of  the  testing  that  was  done  on  the  density/visibility 
relationship  t>.e  rather  arbitrary  concept  of  a  limiting  visibility  loss  has  been  used. 
It  is  assumed  that  there  is  a  certain  minimum  distance  Lc'  over  which  an  average 
subject  must  br  able  to  see  a  given  object  in  order  to  be  able  to  escape  in  an 
acceptable  time. 

Airworthiness  regulations  require  that  an  exit  sign  be  visible  from  every  seat 
position  which,  for  a  typical  modern  transport,  may  constitute  a  distance  of  30  ft.  or 
more.  However,  a  subject's  ability  to  escape  would  not  necessarily  be  compromised  just 
because  an  aisle  exit  sign  were  not  visible.  The  natural  reaction  could  be  to  pass 
along  the  aisle  using  seat  backs  as  a  guide  until  close  enough  to  an  aisle  and/or  over¬ 
door  exit  sign  to  see  it.  This  represents  for  the  over-door  sign  a  distance  equivalent 
to  2-3  seat  widths  plus  half  the  aisle  width.  Based  on  this  criterion,  visualisation 
of  likely  conditions  in  a  furnished  cabin  interior,  and  gene’-al  experience  in  the  smoke 
filled  test  chamber,  a  limiting  visibility  distance  (Lc')  of  6  ft.  is  selected.  If  it 
is  assumed  that  an  exit  sign  must  be  re'^dable  at  this  distance  the  corresponding 
limiting  density/ft.  (Dc'/Lc')  can  be  found  from  Fig.  11.  Taking  the  bright  daylight 
situation  as  the  most  adverse  case  a  limiting  density  of  0.50/ft.  is  obtained.  Note 
that  at  this  density/ft.  the  exit  sign  can  be  read  at  9  ft.  under  blackout  conditions. 

10.6.  LIMITING  Ds  AND  MATERIAL  AREA  VALUES 

From  paragraph  10.4.2.  and  in  particular  Eq.  (6)  it  is  seen  that  the  density/ft. 
produced  by  combustion  in  a  closed  volume  is  given  by: - 


<7) 


The  limiting  visibility  distance  Lc'  (see  paragraph  10.5)  corresponds  to  a 
limiting  density  Dc'  which  will  be  produced  by  burning  in  a  given  volume  a  piece  of 
material  of  surface  area  Ac'. 


from  Eg.  (7) 

Dc'  = 

Ds  ^ 

Lc' 

Vc 

i.e. 

Ac'  =  Dc'  Vc 

Lc  ‘  Ds 

<6) 

0) 


From  this  relationship  the  maximum  area  of  material  of  a  given  Ds  value  that  can 
be  burnt  without  exceeding  given  density  limits  can  be  found.  Results  are  plotted  in 
Figs.  14  and  15  for  the  bright  day-light  and  emergency  lighting  level  cases 
respectively,  for  a  cabin  volume  of  6000  ft*  (typical  of  a  small/medium  sized  passenger 
transport  aircraft). 

11.  TOXIC  GAS  EVALUATION 

11.1  General 

The  F.A.A.  report  used  (ref.  6)  presents  the  results  of  flaming  and  non-flaming 
pyrolysis  in  an  N.B.S.  smoke  chamber  of  143  typical  cabin  furnishing  specimens  which 
are  classified  as  fabrics;  rugs;  and  flexible,  semi-rigid  sheets  and  laminates. 

Maximum  concentrations  of  toxic  gases  are  presented  for  both  test  conditions  for  each 
specimen.  Concentrations  of  the  following  gases  are  reported: - 


Carbon  Monoxide 

CO 

Hydrogen  Cyanide 

HCN 

Hydrogen  Chloride 

HCl 

Hydrogen  Fluoride 

HF 

Sulphur  Dioxide 

SOj. 

Oxides  of  Nitrogen 

NO  +  NO 

Ammonia 

NHj 

Chlorine 

Cl  2 

Phosgene 

COCl^ 

When  a  specimen  is  burnt  in  a  closed  volume  both  smoke  optical  density  per  foot 
and  toxic  gas  concentrations  are  assumed  co  be  proportional  to  A/V  (specimen  area 
divided  by  ch2unber  volume,  see  paragraph  10.4.2.).  The  test  results  were  analysed  in 
an  attempt  to  estimate  for  each  sample  whether,  as  the  factor  A/V  increaseef,  maximum 
smoke  density  could  become  high  enough  to  cause  sufficient  loss  of  visibility  to 
hinder  evacuation  without  maximum  toxic  gas  concentrations  becoming  dangerous,  or 
vice-versa.  A  similar  study  was  also  made  of  i.'Titation  produced  by  various  gases. 

11.2  METHOD 

Of  necessity  the  toxic  effects  of  the  different  gases  had  to  be  treated 
individually,  i.e.  synergistic  effects  are  neglected.  The  following  concentrations  of 
the  relevant  gases  are  assumed  to:- 

a)  produce  irritation  on  brief  exposure. 

b)  constitute  an  immediate  danger  to  life  for  a  2  to  5  minute  exposure. 
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TABLE  1 

Based  on  information  given  in  the  ref.  6  report 


Concentration  ppm  | 

GAS 

CO 

HCl 

HCN 

HF 

SOi 

MH] 

NO  +  NOg 

(a)  Irritation 

- 

35 

- 

30 

35 

500 

25 

(b)  Immediate  danger 

10000 

1500 

250 

150 

500 

2000 

450 

As  for  smoke  density/ft.',  concentrations  of  gases  were  assumed  to  be  proportional 
directly  to  material  surface  area  and  inversely  to  the  volume  of  the  chamber  in  which 
combustion  occurs. 

i.e.  C  oC  A 
V 


Thus  relating  concertrations  in  a  cabin  to  those  in  a  test  cell  (suffixes  c  and 

t):- 


Cc 


Ct 


Ac 
Vc  At 


<*o) 


If  a  piece  of  material  having  the  surface  area  Ac*  related  to  visibility 
limitations  is  burnt,  then  the  concentration  in  the  cabin  of  a  particular  gas  is:- 


Cc’ 


Ct 


yt  ^ 

Vc  At 


from  paragraph  10 
Ac  *  = 

i.e.  Cc'  = 


.6',  Eq.(9) 

pc'  Vc 
LC  Ds 


Ct 


yt  pc'  JL 

At  Lc'  Ds 


for  the  N.B.S.  chamber 


Vt  =  18  ft? 


r.t  =  0.0456 
i.e.  from  Eg.  (12)  Cc*  = 


ft? 

395 


pc'  Ct 
Lc'  Ds 


<'0 


-<12) 


<«3) 


The  F.A.A.  report  gives  both  maximum  C't  (for  each  gas  given  off)  and  maximum  Ds 
for  each  specimen  under  flaming  and  non-flaming  conditions. 

By  assuming  a  number  of  limiting  optical  density  values  Dc'/hc'  the  corresponding 
concentrations  in  the  cabin  (Cc')  of  each  gas  given  off  by  each  specimen  under  either 
test  condition  may  be  found  from  Eg.  (13). 

For  a  given  value  of  Dc'/Lc'",  if  the  concentration  Cc'  of  any  gas  given  off  by  a 
particular  specimen  under  flaming  and/or  non-flaming  conditions  is  greater  than  the 
respective  limiting  value  at  (b)  in  Table  1',  then  the  toxic  effects  were  considered  to 
be  more  important  than  obscuration  effects  for  this  specimen,  and  vice-versa.  Similarly 
it  can  be  seen  whether  irritation  is  a  significant  factor  for  a  certain  material.  By 
taking  a  number  of  values  of  Dc'/Lc'  plots  can  be  made  of  the  percentages  of  the  143 
specimens  that  are  toxicity  Jimited,  and  for  which  irritation  is  significant. 

It  is  recognised  that  these  criteria  were  fairly  arbitrary  in  that; - 

a)  maximum  gas  concentrations  were  compared  with  the  limiting  values  in  the  Table', 
which  are  steady  state. 

b)  the  limiting  values  tabulated  can^of  necessity,  be  approximate  only. 

c)  the  time  factors  involved  in  smoke  and  gas  build-up  were  not  considered  (due  to 
lack  of  data). 

d)  of  necessity  no  allowance  was  made  for  the  contribution  to  the  toxicity  of  a 
mixture  by  a  particular  gas  at  an  individually  non-lethal  concentration. 


11.3  RESULTS  OF  TOXIC  GAS  STUDY 


Fig.  16  shows  the  percentage  of  specimens  for  which  the  maximum  concentration  of 
each  gas  yielded  under  either  or  both  burning  conditions  exceeds  the  limiting  toxicity 
value.  For  example,  if  there  is  burnt  a  sample  of  each  specimen  of  sufficient  surface 
area  to  produce  a  maximum  optical  density  per  foot  of  0.5  in  a  given  volume,  then,  from 
Fig.  le,  3%  of  the  specimens  produce  a  maximum  concentration  of  carbon  monoxide  (CO) 
exceeding  the  limiting  concentration  of  10,000  ppm.  Hydrogen  chloride  (HCl)  was  seen 
to  be  the  gas  most  frequently  present  in  dangerous  doses. 

The  percentages  of  specimens  for  which  any  gas  exceeds  toxicity  and  irritation 
limits  are  presented  in  Fig.  17,  along  with  the  bright  daylight  exit  sign  readability 
curve  reproduced  from  Pig.  11.  Taking  a  6  ft.  readability  limit  (Paragraph  10.5), 

Fig,  17  show  that  13%  of  the  specimens  yielded  one  or  more  gase*  in  concentrations 
exceeding  the  dangerous  values.  Irritant  concentrations  of  the  noxious  gases  occurred 
with  a  high  proportion  of  the  specimens  before  optical  density  becomes  limiting,  the 
most  prevalent  gas  being  HCl.  For  6  ft.  readability,  irritation  due  to  any  gas  occurs 
with  74%  of  the  specimens.  In  about  90%  of  these  cases  HCl  exceeds  irritation  limits. 

Attempts  were  made  to  djvise  the  best  possible  method  for  this  study,  but  with  the 
limited  information  available  the  criteria  used  were  fairly  arbitrary.  More  recent 
designs  of  aircraft  have  benefitted  from  the  knowledge  gained  from  studies  of  this  kind 
and  more  advanced  materials  are  being  used.  In  particular,  the  new  generation  of 
aircraft  will  have  fewer  P.V.C.  type  of  materials  and  this  will  reduce  the  prevalence 
of  HCl  as  a  combustion  product .  This  analysis  predicted  that  HCl  was  the  most  abundant 
single  gas  and  thus  a  reduction  in  the  number  of  materials  producing  it  is  bound  to 
affect  the  results. 

Thus  the  results  of  this  toxic  gas  study  cannot  be  expected  to  represent  in  detail 
a  realistic  situation,  and  the  method  of  analysis  of  necessity  involved  extensive 
simplifying  assumptions.  The  results  can  therefore  be  expected  to  provide  broal 
indications  only.  These  are  that  it  seems  probable  that  for  the  majority  of  materials 
visibility  loss  is  more  likely  than  toxicity  effects  to  hinder  escape,  but  that  irritant 
concentrations  of  gases  are  likely  to  be  present  in  many  cases  without  visibility  being 
limited  by  smoke.  The  latter  point  may  well  be  a  significant  factor  as  irritation  is 
likely  to  have  an  adverse  effect  on  vision. 

12.  CONCLUSIONS 

1)  The  prevention  of  accidents  continues  to  be  a  prime  obje'-tive  of  Aircraft 
Constructors,  However,  faced  with  a  multiplicity  of  ai.'’ orthiness  and  crash¬ 
worthiness  aims  the  resultant  product  must  inevitably  be  a  careful  optimisation  of 
all  the  requirements,  with  an  eye  on  "overall  safety". 

2)  Crashworthiness  studies  of  new  aircraft  designs,  as  currently  defined  in  the 
Airworthiness  Regulations,  have  been  found  to  be  essential  and  rewarding  in 
reducing  post-crash  fires  and  enhancing  survival. 

3)  The  Constructors  endorse  the  view  that  Anti-Misting  Kerosene,  if  successful  and 
practicable,  could  provide  the  greatest  potential  for  saving  lives  in  post-crash 
situations . 

4)  Research  into  cabin  interior  material  combustion  hazards  continues  to  emphasjse 
the  extreme  complexity  of  the  problem,  and  it  is  not  unique  to  the  aircraft 
industry.  In  spite  of  the  dif ficultiesf,  research  will  continue  since  the  r«'sults 
could  have  benefits  for  both  in-flight  and  ground  fire  situations. 

5)  The  aircraft  industry  will  continue  to  effect  evolutionary  improvements  but  believes 
that  perhaps  we  are  struggling  on  the  flat  part  of  the  law  of  diminishing  returns. 
Application  of  technology  that  does  not  substantially  increase  safety  may  not  be 
warranted.  Whilst  progressive  improvements  in  post-crash  fire  reduction  and 
occupant  survivability  might  be  realised  by  wider  education,  improved  design 
disciplines  and  appropriate  research  programmes,  it  is  difficult  to  envisage  any 
major  impact  being  effected  in  the  short  term;  and  the  long  term  solutions  will  be 
very  expensive. 
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FIG.6.  ACCIDENTS  INVOLVING  UNDERCARRIAGE  FAILURE 
(1968-71).  LARGE  TURBO-JET  AIRCRAFT  ONLY 
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UNDERCARRIAGE  FAILURES  CAUSE  OF  FAILURE 


THE  PERCENTAGES  REFER  TO  THE  NUMBER  OF  ACCIDENTS  TO  TURBOJET 
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FIG. 9.  COMPARISON  OF  RESULTS  FOR  ALL  AIRCRAFT  TYPES 
WITH  THOSE  FOR  TURBOJET  AIRCRAFT. 
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Aircraft  Post-Crash  Fire  Fighting/Rescue 
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SUMMARY 


The  fire  fighting  of  post  crash  fires  requires  the  use  of  quasi  three  dimensional 
acting  agents  and  of  quasi  two  dimensional  actic  agents  at  the  same  time. 

Many  substances  inhibit  the  hydrocarbon-air/oxygen  reaction  and  when  adequately  pre¬ 
pared,  they  can  be  used  as  a  three  dimensional  acting  agent,  becuase  they  can  be 
distributed  in  the  volume.  From  these  substances,  which  are  listed,  only  the  halon 
1211  and  the  dry  powders  based  on  KHCOj,  K2S0^  and  still  NaHCOj  are  of  importance 
for  the  mentioned  purpose. 

Mainly  two  dimensional  acting  agents  are  foams.  Foams  are  needed  for  the  extinguish¬ 
ment  of  the  spill-or  pool  fires,  which  often  follow  a  crash  of  an  airplane. 

The  influence  of  the  following  properties  of  the  foams  on  the  extinguishing  effi¬ 
ciency  is  discussed: 

surface  tension  of  the  water  foaming  agent  solution 
concentration  of  foaming  i.gent  in  the  solution 
viscosity  of  the  foam 

energy  used  to  foam  the  water-foaming  agent  solution 
spreading  velocity  of  the  foam 
spreading  distance  of  the  foam 
expansion  ratio  of  the  foam 

From  the  available  test  results  on  which  could  be  made  full  use  of  a  correlation 
between  the  specific  extinguishing  time  and  the  size  of  the  burning  fuel  area  is 
deduced . 

Also  the  influence  of  fuel  properties,  namely  the  boiling  temperature  and  the 
viscosity,  on  the  extinguishing  efficiency  of  foams  is  described. 

Furthermore  an  extinguishing  technic,  which  takes  in  account  the  dependence  of 
the  extinguishing  efficiency  on  the  foam  properties,  is  given. 

The  requirements  for  foam  monitors,  resulting  from  this  technic,  are  shown. 

In  this  connection  the  break-up  of  foam  jets,  produced  by  foam  monitors  is 
discussed. 

On  the  basis  of  a  limited  number  of  test  datas  the  ext;.nguishing  effieciency 
acchieved  with  the  combined  application  of  dry  powder-'.ialon  and  foam  is  out¬ 
lined  as  well  as  the  advantage  of  a  combined  use  in  the  case  that  only  a  pool 
fire  is  existing. 


Introduction 


In  a  post-crash  fire  of  an  airplane  all  categories  of  fire  may  occur.  The  accident  sta¬ 
tistics  show,  that  one  has  to  deal  with  class  A,  B,  under  some  circumstances  class  C  and 
also  class  D  and  class  E  fires.  [1,  2] 

Class  A  fires  mostly  consist  of  fires  of  plastic  materials  a  widely  used  material  for  the 
interior  of  an  airplane  and  for  cable  insulati.,n,  but  also  parts  of  the  wings  and  the  fu¬ 
selage  are  made  from  plastics.  The  fire  of  the  cargo  of  an  airplane  is  also  often  c.  class 
A  fire.  Fires  of  metals  (Class  D  fires)  have  been  observed  too,  as  well  as  fires  in  the 
electrical  installation.  (Class  p  fires). 

The  most  frequently  and  severest  fires  following  a  crash  of  an  airplane  are  class  B  fires, 
the  fuel  fires. 

This  paper  deals  only  with  the  fuel  fires.  After  a  crash  one  has  to  count  with  fires  of 
a  fuel  mist,  of  running  fires  and  fires  of  jets  or  sprays  of  fuel  from  damaged  fuel  lines 
and  ruptured  fuel  tanks  of  engine  fires  and  pool  fires  of  different  sizes. 

These  fuel  fires  can  be  divided  roughly  into  two  groups,  the  quasi  two  dimensional  fires, 
namely  -che  pool  fires  and  the  quasi  three  dimensional  fires,  the  fires  of  jets  or  sprays 
of  fuel,  and  so  on. 

In  order  to  save  lifes,  these  fires  have  to  be  extinguished  in  the  shortest  time  as  possi¬ 
ble. 

Today  no  extinguishing  agent  is  existing  which  fulfills  this  demand  alone.  Dry  powders  and 
halons  are  the  best  extinguishing  agents  known  for  the  extinguishment  of  quasi  three  dimen¬ 
sional  fires  because  they  can  be  distributed  in  the  volume  occupied  by  the  flames.  But 
these  agents  do  not  prevent  reignition  of  the  already  extinguished  fuel  by  hot  parts  or 
residual  flames. 

Extinguishing  foams  are  suited  best,  for  the  extinguishment  of  pool  fires  in  the  presents 
of  reignition  sources. 

Extinguishing  agents  for  quasi  three  dimensional  fires 

Many  substances  in  a  gaseous  or  appropriate  solid  configuration  have  an  inhibiting  influ¬ 
ence  on  the  combustion  reaction  of  hydrocarbon  -  air/oxygen-mixtures. 

The  inhibition  efficiency  of  these  substances  was  evaluated  oy  different  test  methods  and 
different  hydrocarbons  were  used  also.  Unfortunately  there  was  no  substance,  its  inhibition 
efficiency  being  evaluated  by  all  methods  used.  Being  aware  that  a  comparison  of  the  test 
results  obtained  with  different  test  methods  can  be  affected  with  a  fault,  it  was  tried 
nevertheless  to  compare  the  inhibition  efficiencies  gained. 13) • 

In  Table  1  the  inhibition  efficiencies  of  chemical  compounds  are  shown. 

For  the  comparison  the  inhibiting  efficiency  of  CCl^  (Carbon  letrachloride)  was  chosen  1 
and  the  efficiencies  of  the  other  substances  was  expressed  by  the  ratio  of  efficiency  of 
the  substance  to  that  of  CCl^. 

From  the  various  compounds  tested,  only  a  few  like  the  halons  1301  (CF^Br)  and  halon  1211 
(CF2Br  Cl),  the  d.ty  powders  KjSO^,  KHCO^  and  still  NaHCO^  and  CO2  and  ^2  used  as  fire 
extinguishing  agents. 

The  extinguishing  efficiency  of  halons  and  dry  powders  is  attributed  to  an  inhibition  of 
the  combustion  reaction  via  chain  breaking  in  the  gaseous  phase  or  on  the  solid  walls  of 
the  powder  particles  respectively.  While  there  is  a  lot  of  agreement  on  the  inhibition 
mechanism  of  the  halons,  the  possible  reaction  mechanisms  leading  to  an  inhibition  of  the 
combustion  reaction  of  hydrocarbon-air  mixtures  by  dry  powders  are  still  discussed. 

For  the  extinguishment  of  quasi  three  dimensional  fires,  following  a  crash  of  an  airplane 
only  halon  1211,  and  the  dry  powders  on  K2SO^  and  KHCO^  basis  are  suited  best.  Halon1211 
is  more  effective  than  the  two  dry  powders.  It  also  prevents  reignition  of  the  already 
extinguished  fuel  for  ti  limited  time,  depending  on  the  amount  of  halon  used  for  extinguish¬ 
ment. 

From  the  test  results  obtained  with  KHCO^  one  can  conclude,  that  these  dry  pow¬ 

ders  do  not  differ  much  in  their  extinguishing  efficiency.  There  is  some  evidence  that 
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with  increasing  fire  sizes  K2S0^  powder  is  more  effective  than  KHCO^.  Therefore  further 
more  detailed  s.tudies  should  deal  with  the  influence  of  the  size  of  the  fire,  the  influ¬ 
ence  of  the  extinguishing  equipment  used  and  the  nozzle  geometry  on  the  extinguishing  effi¬ 
ciency. 

Extinguishing  agents  for  quasi  two  dimensional  fires 

For  the  extinguishment  of  quasi  two  dimensional  fires,  nouncly  the  pool  fires  following  a 
crash  in  tho  presents  of  reignition  sources, extinguishing  foams  are  the  only  adequate  ex¬ 
tinguishing  agent  today. 

The  extinguishing  mechanism  of  foams  is  mainly  due  to  the  separation  of  the  reactive  spe¬ 
cies  fuel  and  oxygen  by  a  closed  foam  blanket.  Furthermore  the  water  released  by  the  foam 
cools  the  fuel  surface.  For  Cv/mpleteness  it  should  be  mentioned  that  the  water  vapor  which 
is  formed  at  the  interface  between  the  foam  and  the  flame  may  also  contribute  to  the  ex¬ 
tinguishment  via  a  change  in  the  fuel  oxygen  ratio. 

Extinguishing  foams  are  described  mostly  by  the  foam  forming  agent  used,  the  mixing  ratio 
of  foam  forming  agent  and  water,  the  expansion  ratio  and  the  drainage  time  (25  %  or  50  %) . 

Four  different  types  of  foams  are  in  use  today:  protein  foam,  fluorprotein  foam,  synthetic 
foam  and  aqueous  film  forming  foam  (AFFF-foam)  depending  on  the  nature  of  the  foam-forming 
agent.  All  foams  can  be  employed  as  iow  expansion  foams,  AFFF  and  synthetic  as  medium  ex¬ 
pansion  and  high  expansion  foams  too.  (With  expansion  ratio  of  a  foam  ratio  air  to  water 
is  denoted. ) 

For  the  extinguishment  of  large  fuel  spill  fires  only  low  expansion  foams  are  used.  The 
tests  described  in  this  paper  were  -  if  not  mentioned  especially  -  all  carried  out  with 
low  expansion  foams. 

The  extinguishing  efficiency  of  the  foams  depends  on  the  type  of  foam  forming  agents.  Com¬ 
paring  the  relevant  foams  to  a  preselected  application  rate,  the  shortest  extinguishing 
times  were  achieved  with  AFFF  foam  like  Light  Water.  Fluorprotein  foam  follows  in  efficien¬ 
cy.  Synthetic  foam  proved  to  be  less  effective  than  fluorprotein  foam  and  Light  Water.  The 
worst  results  were  obtained  with  protein  foam.  For  fundamental  studies  a  foam  from  a  mix¬ 
ture  of  Light  Water  and  protein  foaming  agent  was  used  too.  Although  this  foam  came  off 
best,  it  Is  believed  to  be  of  no  importance  for  practical  use.  The  high  efficiency  is  only 

achieved  under  very  specific  conditions  and  it  is  doubtful,  if  these  conditions  can  always 

2  2 

be  adjusted.  Figure  1  shows  the  test  results  for  a  2oo  m  pool  and  Figure  2  for  the  0,1  m 
pan.  In  these  figures  the  extinguishing  time  is  plotted  against  the  application  rate. 

As  can  be  seen  from  the  figures  too  the  extinguishing  time  depends  also  on  the  application 

rate  of  the  foam.  With  increasing  application  rates  the  time  needed  for  extinguishment  de- 

2 

creases.  Application  rates  greater  than  7  to  10  1/m  •  min  (depending  on  the  type  of  foam 

forming  agent)  lead  to  no  further  decrease  in  extinguishing  time.  The  amount  of  foam  which 
is  applied  in  the  unit  of  time  can  not  spread  in  this  time,  hence  a  for  the  extinguishment 
of  the  fire  unnecessary  thick  layer  of  foam  is  produced. 

On  the  other  hand,  no  extinguishment  is  achieved,  if  the  application  rate  subsides  below 
a  critical  value.  This  application  rate  is  called  the  critical  application  rate.  The  cri¬ 
tical  application  rate  is  different  for  each  type  of  foam.  An  extrapolation  of  the  curves 

in  Figure  1  gives  the  following  critical  application  rates  for  the  four  types  of  foams: 

2  2  2 
Light  Water  0,8  1/m  •  min,  fluorprotein  foam  1,3  1/m  •  min,  synthetic  foam  2,6  1/m  •  min 

2 

and  protein  foam  about  4  1/m  •  min.  The  critical  application  rate  depends  .Tiainly  on  the 

foam  forming  agent.  The  size  of  the  burning  fuel  surface  seems  to  be,  if  there  is  a  depen¬ 
dence  of  minor  influence  on  the  critical  application  rate,  at  least  between  burning  areas 
from  0.1  m^  to  500  m^. 

The  critical  application  rate  is  of  high  importance  for  the  practice.  Mostly  the  number  and 
the  capacity  of  crash  tenders  available  are  fixed  and  with  this  the  maximum  possible  appli¬ 
cation  rate.  Under  these  conditions,  the  size  of  the  fire  which  can  be  extinguished  depends 
only  on  the  foam  forming  agent  used.  For  example.  Table  2  shows  the  results  of  tests  in 
which  the  maximum  size  of  burning  fuel  surface  was  evaluated  which  could  be  extinguished 
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with  a  200  1/mln  foam  nozzle. 

Normally  the  foam  is  applied  locally  to  the  fuel  surface  by  hand  branch  pipes  or  monitors. 
From  these  points  the  foam  has  to  be  spread  under  the  action  of  the  gravity  force  in  or¬ 
der  to  form  a  closed  foam  blanket. 

The  following  figure  (Figure  3)  shows  the  spreading  behaviour  of  the  foams.  In  the  figure 
the  flow-time  is  plotted  versus  the  distance  the  foam  has  propagated  during  that  time.  It 
can  be  seen  from  the  figure  that  Light  Water,  an  APPF-foam,  spreads  most  rapidly,  fol¬ 
lowed  by  fluorpr.tein  foam  and  synthetic  foam.  Protein  foam  exhibits  the  worst  spreading 
behaviour. 

Foams  in  general  are  media  of  high  viscosity.  Therefore  the  spreading  of  the  foam  is  go¬ 
verned  by  the  foam  viscosity.  In  the  next  figure  (Figure  4)  the  viscosity  of  the  foam  is 
plotted  versus  the  time  the  foam  needs  to  propagate  a  given  distance.  As  could  be  expec¬ 
ted  the  foam  with  the  lowest  viscosity  (Light  Watst)  has  the  highest  spreading  velocity 
and  vice  versa  (protein  foam) .  That  means  that  Light  Water  will  form  a  closed  foam 
blanket  in  the  shortest  time,  while  protein  foam  needs  the  longest  time  to  achieve  the 
same  results.  As  also  can  be  seen  in  this  figure,  the  different  foaming  agents  lead  to 
foams  with  different  viscosities. 

Since  viscosities  play  a  major  role  in  the  spreading  of  foams,  one  should  expect,  that  a 
correlation  between  the  viscosity  of  the  foam  and  extinguishing  time  is  existing.  In  the 
next  figure  (Figure  5)  the  extinguishing  time  is  plotted  against  the  viscosity  of  the 
used  foams.  The  lower  the  viscosity  of  the  foam,  the  higher  is  the  spreading  velocity  of 
the  foam,  and  with  that  less  time  is  needed  to  form  a  closed  foam  blanket,  a  requirement 
for  the  extinguishment. 

Besides  the  influence  of  the  foam  forming  agent  on  the  foam  viscosity,  the  viscosity 
-  within  certain  limits  -  also  depends  on  the  energy  used  to  form  the  foam  from  the  wa¬ 
ter  foaming-agent  solution.  The  more  energy  is  put  into  the  foam,  the  more  viscous,  the 
stiffer  the  foam  becomes.  Beyond  a  certain  amount  of  energy  input  the  viscosity  of  the 
foam  remains  constant.  (Figure  6)  In  this  figure  the  number  of  sieves  in  the  mixing  cham¬ 
ber  is  chosen  as  a  measure  for  the  energy  input.  The  number  of  sieves  is  correlated  to 
the  energy  input  by  the  pressure  loss  caused  by  them.  This  foaming  energy  dependence  of 
the  viscosity  must  have  its  reflection  on  the  time  needed  for  extinguishment.  In  Figure 
7  the  extinguishing  time  for  AFFF-foam  is  plotted  against  the  viscosity  of  the  foam.  The 
viscosity  is  expressed  by  scale  units.  The  time  needed  for  extlrguishment  is  the  longer, 
the  more  energy  was  used  to  foam  the  water  foaming  agent  solution.  This  energy  dependence 
of  the  foam  viscosity  is  one  of  the  causes  of  different  extinguishing  efficiencies  of 
foam  monitors  or  branch  pipes.  Monitors  and  branch  pipes  of  different  manufactures  deliver 
foams  with  different  viscosities.  (4J. 

It  is  also  one  of  the  reasons,  why  an  AFFF  foam  has  a  higher  extinguishing  efficiency  when 
applied  with  a  non  air-aspirating  nozzle.  (The  other  factors  are  discussed  in  detail  later 
on  in  this  paper.) 

The  expansion  ratio  of  the  foam  also  influences  the  extinguishing  efficiency  of  a  foam. 
Test  results,  obtained  with  medium  expansion  foams  (expansion  ratio  68)  on  a  200  m  pool, 
give  evidence  that  with  these  types  of  foams  shorter  extinguishing  times  can  be  achieved. 
(Figure  8)  Although  the  fuel  fire  could  be  extinguished  with  the  low  expansion  foam  in  a 
shorter  time,  the  use  of  medium  expansion  foam  for  post  crash  fire  fighting  can  not  be 
recommended  for  two  reasons.  The  throw  range  of  medium  expansion  foam  nozzles  is  too 
short,  just  a  couple  of  meters.  Wind  velocities  exceeding  6  to  8  m/sec  make  it  impossible 
to  cover  the  whole  fuel  surface  with  a  foam  blanket.  The  specific  weight  of  the  foam  is 
too  low.  As  a  consequence  the  foam  is  blown  away  by  the  wind.  Wind  velocities  of  this 
magnitude  can  not  be  excluded  on  an  airport.  Hence  only  low  expansion  foams  can  be  used 
for  crash  fire  fighting.  In  Figure  9  the  correlation  between  expansion  ratio  and  extingu- 
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ishing  time  In  the  range  of  an  expansion  ratio  from  0,1  to  40  is  shown  for  Light  Water 
foam.  With  Light  Water  foams  of  an  expansion  ratio  under  0,5  a  fuel  fire  can  not  be  ex¬ 
tinguished.  The  extinguishing  efficiency  increases  rapidly  with  the  expansion  ratio  be¬ 
tween  0,5  and  approximately  1  to  1,5.  Expansion  ratios  between  1,5  and  10  have  no  reflec¬ 
tion  on  the  extinguishing  efficiency.  With  Increasing  expansion  ratios  over  10  the  extin¬ 
guishing  time  of  the  Light  Water  foam  decreases.  Most  of  the  monitors  and  hand  branch 
pipes  for  low  expansion  foam  produce  foams  with  expansion  ratios  between  4  and  8. 

For  completeness  it  should  be  mentioned  that  the  concentration  of  the  foam  forming  agent 
is  also  of  influence  on  the  extinguishing  time  [5].  (Fig.  10)  In  this  figure  the  extingu¬ 
ishing  time  is  plotted  versus  the  concentration  of  an  AFFF  foam  forming  agent  in  the  wa¬ 
ter-foam  forming  agent  solution.  The  extinguishing  time  decreases  rapidly  with  the  increa¬ 
sing  foam  forming  agent  concentration  from  endless  (no  extinguishment)  to  a  minimum  value 
in  a  concentration  range  from  0  to  1^  percent.  For  foam  forming  agent  concentration  from 
1  to  5  percent  this  value  is  nearly  independant  of  the  concentration.  This  correlation  is 
explainable.  The  surface  tension  of  a  water-foam  forming  agent  solution  is  a  function  of 
the  concentration  of  the  foam  forming  agent.  (Figure  11)  As  can  be  seen  from  this  figure 
the  su* '..ce  tension  of  the  solution  exhibits  the  same  tendency  as  the  extinguishing  time, 
a  result  which  could  be  expected  because  of  the  correlation  between  surface  tension  -  foam 
viscosity,  spreading  velocity  and  extinguishing  time. 

The  concentration  recommended  by  the  manufacturer  for  this  foam  forming  agent  is  3  percent. 
The  concentration  of  the  foam  forming  agent  can  vary  between  2  to  at  least  5  percent, 
without  changing  the  extinguishing  efficiency  of  the  foam. 

From  the  dependence  of  the  extinguishing  efficiency  on  the  concentration  of  the  foam  for¬ 
ming  agent  in  the  water- foam  forming  agent  solution  the  requirements  on  the  accuracy  and 
reliability  of  mixing  units  can  be  deduced. 

The  foaming  agents  reduce  the  surface  tension  of  the  water-foaming  agent  solution,  a  re¬ 
quirement  for  the  formation  of  foam.  The  foaming  agents  differ  in  their  ability  to  reduce 
the  surface  tension.  With  the  exception  of  the  Light  Water-Protein  mixture.  Light  Water 
shows  the  highest  reduction  of  the  surface  tension,  followed  by  fluorprotein  and  syntne- 
tic  foam  agents.  Protein-based  foaming  agents  are  less  effective.  The  surface  tension  of 
the  water-foaming  agent  solution  Influences  the  viscosity  of  the  foams  formed  from  the 
solution.  From  solutions  with  low  surface  tensions  low  viscosity  foams  are  produced.  The 
higher  the  surface  tension,  the  higher  the  foam  viscosity  becomes.  The  correlation  be¬ 
tween  surface  tension  of  the  solution  and  the  foam  viscosity  is  shown  in  Figure  12. 

From  the  discussed  test  results  one  can  assume,  that  the  extinguishing  efficiency  of  foams 
is  proportional  to  the  velocity  with  which  a  closed  foam  layer  is  achieved  on  th“  fuel 
surface.  This  velocity  is  a  function  cf  the  foam  viscosity.  The  foam  viscosity  itself  de¬ 
pends  on  the  surface  tension  of  the  water-foaming  agent  solution  and  can  be  Influenced 
to  a  certain  extend  by  the  energy  used  to  foam  the  water.  From  the  correlations  between 
surface-tension,  roam  viscosity  and  extinguishing  time  one  may  derive  the  conclusion, 
that  a  further  pronounced  increase  in  extinguishing  efficiency  of  the  presently  used 
foams  cannot  be  expected. 

Extinguishing  efficiency  of  halon  foams 

The  extinguishing  efficiency  of  watcr-air  foams  can  be  increased  by  an  addition  of  halons 
to  the  water.  When  a  liquid  halon  such  as  halon  1202,  2404  and  halon  1211,  although  the 
boiling  point  of  this  halon  being  4  °C,  is  mixed  to  the  water-foaming  agent  solution,  and 
the  solution  is  foamed  in  the  usual  manner  with  air,  an  increase  in  extinguishing  efficien¬ 
cy  can  be  registered  in  a  limited  range  of  halon  concentration.  The  results  of  extingu¬ 
ishing  tests  with  synthetic  foaming  agent  and  fluorprotein  foaming  agent  are  shown  in  FJ - 
gure  13  and  in  Figi.  r"  14  for  Light  Water  foaming  agent.  The  sequence  of  effectiveness  of 
halon  foams  is  again  Light  Water,  fluorprotein  foam  and  synthetic  foam.  In  Figure  15  the 
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extinguishing  efficiency  of  Light  Water-halon  1211  foams  with  various  halon  concentra¬ 
tions  in  the  solution  is  shown.  The  extinguishing  time  decreases  with  increasing  halon 
concentration,  with  a  flat  minimum  between  10  to  30  percent  of  halon  in  the  solution. 

Halon  concentrations  over  30  percent  cause  longer  extinguishing  times  again  and  halon 
foams  with  a  concentration  of  50  percent  j.alon  and  more  in  the  solution  have  no  extingu¬ 
ishing  effect  at  all.  The  specific  weight  of  the  foam  is  bigger  than  that  of  the  fuel.  As 
a  consequence  the  foam  submerges  under  the  fuel  surface.  The  extinguishing  efficiencies 
of  halon  1202  and  2402-Light  Water  foams  are  of  the  same  order. 

From  the  point  of  view  of  extinguishing  efficiencies  only  Light  Water-halon  foams  can  be 
recommended  for  practical  use.  Prom  the  toxicological  point  of  view  halon  1211  should  be 
prefered.  The  halon  1211-Light  Water  foam  is  known  under  the  name  Neve.  The  extinguishing 
efficiency  of  Neve  with  respect  to  the  other  foams  is  shown  in  the  first  two  figures.  Al¬ 
though  the  extinguishing  mechanism  of  the  halon  foams  is  not  yet  understood  completely, 
it  can  oe  assumed  that  a  chemical  interaction  of  the  halons  with  the  burning  reactions 
may  be  of  importance.  Halons  are  known  as  very  effective  inhibitors  of  the  hydrocarbon- 
oxygen  reaction.  If  this  is  the  main  reason  for  the  increase  in  efficiency!  Neve  and  the 
halon  1202  and  2402  Light  Water  foams  would  be  the  foams  with  the  hig.\est  efficiency  that 
could  be  expected. 

For  the  formation  of  foam  from  che  foam  forming  agent  water  solution  commonly  air  is  used. 
The  use  of  other  gaseous  medias  instead  of  air  were  under  discussion  in  order  to  increase 
the  extinguishing  efficiency.  The  nature  of  the  gas  contained  in  the  foam  bubbles  has  no 
influence  on  the  extinguishing  efficiency.  Figure  16  shows  the  test  results  with  Light 
Water  foams.  The  water-Light-Water  solution  was  foamed  with  gaseous  halon  1301  and  carbon- 
dioxide  respectively.  For  comparison  the  results  for  Light-Water-air  foam  are  plotted  in 
the  fi jure  too.  This  may  be  attributed  to  the  fact  that  the  halon  concentration  in  those 
foams  containing  a  1 iquid  halon  is  by  a  factor  of  4  higher  than  in  the  case  described  in 
Figure  16.  In  order  to  get  better  throw  ranges  it  was  proposed  recently  that  the  foaming 
of  the  solution  should  take  place  first  on  the  fuel  surface  under  the  influence  of  the 
heat  produced  by  the  flame.  By  choosing  halons  with  adequate  boiling  points  this  is  pos¬ 
sible.  However  all  tested  mixtures  were  less  effective  than  Leve. 

Influence  of  the  size  of  the  burning  fuel  surface  on  the  extinguishing  time 

The  extinguishing  tests,  described  in  the  previocs  chapters,  were  carried  out  on  fuel  sur- 

2  2 

faces  ranging  from  0,1  m  to  500  m  .  If  one  relates  the  time  needed  to  extinguish  the 

burning  fuel  surfaces  to  the  size  of  surfaces,  that  means  the  time  needed  to  extinguish 

the  unit  of  burning  area  ,  which  shall  be  called  specific  extinguishing  time,  one  gets 

m^ 

a  correlatio.i  between  the  specific  extinguishing  time  and  size  of  burning  fuel  area  for 
a  given  application  rate  as  shown  in  Figure  17  for  Light  Water,  application  rate  1  a.id 
5  l/m2  •  min  and  for  fluorprotein  foam,  application  rate  1,3  l/ra2  .  min. 

In  the  figure  the  values  are  plotted  on  a  logarithmical  scale.  In  the  range  of  burning 
areas  between  0,1  and  100  to  200  m2  the  specific  extinguishing  time  decreases  lineare- 
ly  with  the  burning  area.  In  figure  18  the  same  is  shown  in  more  detail  for  Light  Water 
(6).  Tests  carried  out  with  toluene  [7]  lead  to  a  similar  correlation  (Figure  19).  For 
larger  burning  areas  the  linear  correlation  must  change.  This  is  plausible,  because  other¬ 
wise  the  extinguishing  time  would  become  zero  at  very  large  burning  areas.  In  the  litera- 
ture  only  four  results  of  tests  on  larger  areas  than  500  m  were  found  on  which  could  be 
made  full  use  of.  Unfortunately  the  burning  areas  differed  only  by  a  factor  of  four  and 
five,  hence  a  reliable  extrapolation  of  the  datas  to  larger  fire  surfaces  seems  not  pos¬ 
sible,  presently.  Therefore  it  is  intended  to  carry  out  extinguishing  tests  on  5000  and 
10  000  m^  pools  in  order  to  complete  the  correlation. 

Burning  areas  of  this  size  are  of  interest  to  the  oil  industries. 


Influence  of  the  fuel  on  the  extinguishing  et£jlciencv  of  foams 

The  fuel  which  is  to  be  extinguished  has  also  an  influence  on  t*i :  extinguishing  time.  From 
the  available  test  datas  one  can  cor  ;iude  that  the  boiling  temperature  and  the  viscosity 
of  the  fuel  influences  the  extinguishing  time.  Figure  20  shows  the  dependence  of  the  ex¬ 
tinguishing  time  on  the  boiling  temperature  or  vapour  pressure  of  the  fuel.  For  these  tests 
Butane,  Pentane,  Hexane,  Heptane,  Dodecane  and  Tetradecane  were  used  as  fuels.  From  that 
figure  it  can  Le  seen  that  the  lower  the  boiling  temperature  or  the  higher  die  vapour  pres¬ 
sure  of  the  burning  fuel  the  more  time  is  needed  to  extinguish  the  fire.  From  this  corre¬ 
lation  follows  that  the  fuel  temperature  must  also  have  an  influence  on  the  extinguishing 
time.  In  Figure  21  the  extinguishing  time  is  plotted  against  the  fuel  temperature  before 
ignition.  In  these  tests  Heptane  was  used.  As  could  be  expected  the  extinguishing  time  in¬ 
creased  with  the  fuel  temperature. 

The  spreading  velocity  of  a  fluid  is  not  only  depending  on  the  viscosity  of  the  fluid  it¬ 
self  but  also  on  the  friction  between  the  fluid  and  the  surface  on  whigh  it  flows  or 
spreads.  As  already  mentioned,  foams  are  media  of  high  viscosity.  Their  viscosity  is  nor¬ 
mally  higher  than  that  of  the  fuel  which  is  to  be  extinguished.  The  velocity  with  which 
the  foam  spreads  on  such  surface  therefore  also  depends  on  the  viscosity  of  fuel. 

Oue  to  the  friction  forces  secondary  flows  in  the  fuel  are  induced.  The  higher  these  velo¬ 
cities  are,  and  that  means  the  lower  the  viscosity  of  the  fuel  is,  the  faster  the  foam 
spreads  on  the  surface  of  the  fuel.  In  Figure  22  the  extinguishing  time  for  Diesel  fuel 
is  Shown  as  a  function  of  the  viscosity  of  the  fuel.  The  viscosity  of  the  fuel  was  changed 
by  adding  different  amounts  of  an  inort  fuel  thickener,  in  this  case  5102-  The  maximum 
amount  of  thickener  adds  was  about  1  %  by  weight.  For  the  tests  with  a  Diesel  fuel  with  a 
solid  surface  another  kind  of  thickener  was  used. 

The  extinguishing  time  increased  with  the  viscosity  of  the  fuel  and  reached  for  the  solid 
Diesel  fuel  a  value,  which  is  nearly  three  times  higher  than  that  of  the  unthickened  fuel. 
This  dependence  of  the  extinguishing  time  on  the  viscosity  of  the  fuel  may  have  its  reflec¬ 
tion  on  the  extinguishment  of  antlmisting  fuels.  To  our  knowledge,  no  extinguishing-tests 
using  antimisting  fuels  have  been  carried  out  until  now. 

Fuel  may  also  be  spilled  on  soil ,  without  forming  a  concrete  fuel  surface  on  which  the 
foam  can  spread  during  extinguishment,  a  condition  similar  to  that  of  the  solid  fuel.  On 
such  a  surface  the  foam  spreads  considerably  slower,  as  shown  in  Figure  23  for  fuel  soaked 
sand.  Therefore  the  extinguishing  time  must  be  longer.  In  Figure  24  the  test  results  ob¬ 
tained  with  Light-Water  on  fuel  soaked  sand  are  given. 

Extinguishing  tactics 

The  distance,  a  foam  has  to  be  spread  under  gravity  forces  on  the  fuel  surface  which  is 
to  be  extinguished  in  orde-  to  form  a  closed  foam  blanket  is  -  besides  the  foam  properties  - 
another  governing  factor  that  influences  the  time  needed  for  extinguishment |as  can  be  seen 
from  Figure  25.  In  this  figure  the  extinguishing  time/foam  application  rate  dependence  is 
shown  for  a  circular  and  a  rectangular  pan.  Also  the  following  test  results  obtained  with 
Light-Water  on  a  50  m^  pool  illustrate  this.  The  extinguishments  were  carried  out  with  an 
application  rate  of  5.  No  extinguishment  after  5  minutes  of  foam  application  was  achieved/ 
when  the  foam  was  applied  through  the  flames  to  a  hot  iron  plate  adjusted  opposite  the  mo¬ 
nitor  on  the  other  side  of  the  pool.  Four  minutes  were  necessary  to  extinguish  the  fire, 
when  the  foam  monitor  delivered  the  foam  on  one  edge  of  the  pool.  The  extinguishing  time  was 
reduced  to  two  minutes  when  the  foam  monitor  just  turned  during  extinguishment  without 
changing  position.  Tne  extinguishing  time  decreased  by  a  factor  of  two,  when  the  foam  was 
placed  on  the  fuel  surface  in  the  vicinity  of  the  interface  between  the  flame  and  the  al¬ 
ready  extinguished  part  of  the  fuel  surface.  This  extinguishing  technic  requires  that  the 
foam  monitor  follows  the  retreating  flame  and  sweeps  at  the  same  time.  With  a  full  foam 
jet  the  extinguishment  needed  48  seconds,  with  a  slightly  dispersed  jet  the  fire  was  out 
after  53  seconds  of  foam  application.  The  extinguishing  times  differ  only  by  10  %.  There- 
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fore  some  further  studies  should  deal  with  the  evaluation  of  best  foam  jet  configuration. 

Water  nozzles  display  higher  throw  ranges  than  comparable  air  aspirating  nozzles.  This  is 
in  view  of  short  flow  distances  of  the  extinguishing  foam  of  advantage  for  obtaining  short 
extinguishment  times.  Therefore  it  was  tried  to  test  water  nozzles  on  their  ability  for 
the  extinguishment  of  fuel  spill  fires  a  field  of  application  for  air  aspirating  nozzles. 

By  use  of  non  air  aspiration  nozzles  the  exquishing  times  could  be  reduced  about  20  %  and 
more  •8],  under  the  conditions  of  same  application  rate.  Non  air  aspiration  nozzles  which 
work  with  a  water-AFFF  foam  forming  agent  solution  -  other  solutions  have  not  been 
tested  -  produce  also  a  foam  with  an  expansion  ratio  of  approximately  1.9  and  more,  de¬ 
pending  on  the  spray  pattern  of  the  water  foam  solution  jet.  The  extinguishing  efficien¬ 
cy  is  in  a  range  beginning  with  expansion  ratios  about  1  to  at  least  7  or  8  independent 
on  the  expansion  ratio,  if  care  is  taken  that  the  viscosity  of  the  foam  with  the  diffe¬ 
rent  expansion  ratios  is  kept  constant.  AFFF-foam  produced  with  the  non  air  aspiration 
nozzles  had  a  lower  viscosity  than  that  from  an  air  aspiration  nozzle,  as  the  tests  car¬ 
ried  out  have  shown.  (Further  tests  will  have  to  prove  if  this  is  a  general  fact.) 


The  extinguishing  efficiency  depends  on  the  foam  viscosity  as  already  discussed  (Figure 
26).  The  results  of  the  extinguishing  tests  with  non  air  aspirating  nozzles  are  in  corres¬ 
pondence  with  those  test  results.  The  non  air  aspirating  nozzles  used  in  the  tests  pro¬ 
duced  a  foam  with  AFFF-foam  forming  agent  on  the  fuel  surface,  with  an  expansion  ratio 
which  is  in  the  range  of  a  low  expansion  foam,  where  the  extinguishing  efficiency  is  in¬ 
dependent  of  the  expansion  ratio.  The  viscosity  of  this  foam  is  lower  than  that  of  equi¬ 
valent  air  aspirating  nozzles.  With  that  the  extinguishing  time  should  be  shorter,  as 
the  tests  proved. 

Extinguishing  efficiency  of  dr\  ccwder-halon-foam  combinations 

As  already  discussed,  in  a  post  crash  fire  quasi  two  and  three  dimensional  fuel  fires  may 
occur  and  have  to  be  extinguish  d.  An  optimum  fire  fighting  of  these  fires  is  only  possi¬ 
ble  when  using  a  combination  of  three  dimensional  acting  agents  like  halons  or  dry  powders 
and  a  foam.  On  the  extinguishing  efficiency  of  halon-  or  dry  powder-foam  combinations  and 
on  problems  arising  from  the  use  of  the  agent-  at  the  same  time  only  little  literature  is 
available,  and  unfortunately  some  of  them  ire  confidential. 

From  the  few  test  results,  on  whl-,."'  could  oe  m.at  full  use  of,  one  may  conclude,  that  the 
time  needed  for  extinguishment  will  b'*  df  ceased  wn.  using  a  combination  of  dry  powder, 
halon  and  foam. 

The  extinguishing  efficiency  of  a  conibinavion  seems  to  depend  on  the  efficiency  of  the 
used  different  agents.  The  more  effective  both  are,  the  shorter  is  the  extinguishing  time 
achieved  in  a  combined  use.  The  shortest  extinguishing  times  were  obtained,  when  a  halon 
1211-AFFF  foam  combination  was  used  for  extinguishment,  followad  by  polasslum  sulphate- 
AFFF  foam.  The  longest  extinguishing  times  were  needed,  when  the  extinguishment  was  car¬ 
ried  out  with  NaHCO^  based  powder  and  protein  foam.  The  extinguishing  times  differed  by 
a  factor  of  approximately  three.  It  has  to  be  mentioned  that  this  value  may  be  a  little 
inexact,  because  different  equipments  were  used  for  the  extinguishing  tests. 

A  combined  use  of  dry  powder  and  foam  is  also  profitable  to  a  pool  fire  with  reignitlon 
sources,  as  can  be  seen  from  Figure  26  a.’d  Figure  27.  [9].  In  these  figures  the  heat  ra¬ 
diation  from  the  flame  is  plotted  versus  the  extinguishing  time.  If  the  fire  is  extingu¬ 
ished  with  foam  only  (Figure  26),  <he  heat  radiation  decreases  with  the  time  needed  for 
extinguishment.  Using  a  dry  powder  with  the  foam  (Figure  27)  the  heat  radiation  is  re¬ 
duced  immediately  with  the  onset  of  dry  powder  application  nearly  to  zero,  except  for  the 
first  seconds  of  powder  application,  where  an  increase  in  heat  radia-vion  was  registered. 
This  decrease  in  heat  flux  with  the  beginning  of  extinguishment  may  be  of  importance  to 
the  .'.urvivalability  of  the  crew  and  passengers  in  the  airplane. 
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Measurements  of  the  conditions  prevailing  in  a  cockpit  of  a  combat  aircraft  during  extin¬ 
guishment  lead  to  this  conclusion. 

The  use  of  dry  powder  with  foam  may  also  lead  to  shorter  extinguishing  times. 

The  time  needed  to  cover  a  pregiven  fuel  surface  with  foam  is  shorter  without  the  presence 
of  a  fire  (that  means  in  case  of  extinguishment) ,  during  the  time  needed  for  building  up  a 
closed  foam  blanlcet,  foam  is  destroyed  by  the  flames,  T/ierofore  the  formation  of  the  foam 
blanltet  takes  more  time  than  without  a  fire.  (Figure  28) 

In  this  figure  the  difference  of  time  needed  to  cover  the  fuel  surface  with  and  without 
a  fire  is  plotted  versus  the  application  rate  of  the  foam.  When  using  a  dry  powder  in  com¬ 
bination  with  a  foam,  the  fire  is  at  least  partly  extinguished  for  some  time  by  the  dry 
chemical,  so  that  the  foams  can  spread  faster. 

loam  monitors 

An  extinguishing  technic  with  which  short  spreading  distances  are  achieved,  requires  rv't 
only  crash  tenders  that  can  maneuvre  with  the  output  of  the  full  foam  capacity  during 
extinguishment.  The  foam  monitors  must  also  have  an  adequate  through  range.  Foam  losses 
between  the  monitor  and  the  fire  should  be  low.  That  requires  jets  which  dissolve  only 
at  the  end  of  the  throw  range. 

Foam  jets  show  the  same  characteristics  as  water  jets  in  respect  to  the  dispersion  of  the 
jet.  [10].  The  dependence  of  the  break  up  of  a  ■’et  depends  on  the  Ohnesorge-  and  Reynolds- 
number.  The  foam  jet  configuration  as  a  function  of  the  O)inesorge-  and  Reynoldsnumbor  is 
shown  in  Figure  29. 

Foam  monitors  and  hand  branch  pipes  used  for  crashflre  fighting  produce  foam  jets  which 
have  Ohnesorge-  and  Reynolds-Numbers  which  lie  in  the  range  of  dispersed  jets.  The  degree 
of  '’isperslon  can  be  influenced  to  a  certain  extend  by  the  geometry  of  the  monitor. 

The  requirements  for  the  mentioned  monitors  were  fulfilled  best  by  a  monitor  of  a  straight 
contraction,  the  cone  angle  being  about  6  degrees  to  12  degrees.  They  are  objects  to  op¬ 
timization  in  respect  to  the  Influence  of  the  viscosity  of  the  foam  on  the  cone  angle.  Also 
the  optimum  radius  of  the  effluence  aperture  has  to  be  evaluated. 

Conclusions 

Many  substances  exhibit  an  inhibition  efficiency  of  the  hydrocarbon-air  reaction.  From 
these  substances  only  the  dry  powders  based  on  KHCO^,  K2SO^  and  the  halon  1211  are  of  in¬ 
terest  for  the  fire  fighting  of  quasi  three  dimensional  fires  arising  after  a  crash. 

For  the  extinguishment  of  quasi  two  dimensional  fires,  foams  are  used.  From  the  test  re¬ 
sults  described  in  this  paper  one  can  conclude  that  the  extinguishing  efficiency  of  foams 
is  mainly  influenced  by  the  following  properties;  surface  tension  of  the  foam  forming 
agent-water  solution,  viscosity  of  the  foam  and  spreading  velocity.  These  properties  are 
not  independent  on  each  other.  The  lower  the  surface  tension  of  the  foar.iing  agent-water 
solution,  the  lower  is  the  viscosity  of  the  foa.m  produced  by  this  solution.  The  viscosi¬ 
ty  of  the  foam  fixes  the  spreading  velocity  of  the  foam. 

Foams  of  low  viscosity  spread  faster.  They  form  a  closed  foam  blanket  in  a  shorter  time. 
Accordingly  shorter  extinguishing  times  are  achieved. 

The  viscosity  of  the  foams  and  consequently  the  spreading  velocity  and  the  extinguishing 
time  can  be  varied  within  certal j  limits  by  the  energy  which  is  used  to  foam  the  solution . 
The  higher  the  energy  input  the  more  viscous  the  foam  becomes. 

Therefore  foam  monitors  are  more  effective  when  producing  foams  with  low  viscosities,  tlie 
main  assumption  for  the  superior  extinguishing  efficiency  of  non  aspirating  nozzles. 

For  the  extinguishment  of  crashfires  only  low  expansion  foams  can  be  used.  Wind  velocities 
above  6  to  8  m/sec  make  it  impossible  to  produce  a  closed  foam  layer  on  the  burning  fuel 
surface. 

The  extinguishing  efficiency  of  the  foams  can  be  improved  by  adding  a  fluid  halon  and 
■Iso  halon  1211  to  the  water-foaming  agent  solution.  The  best  results  were  obtained  with 
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halon  1211  ,  1202  and  1402-Light  Water  foams.  The  efficiency  of  th  ise  foams  differ  not 
substantially. 

The  fuel  which  has  to  be  extinguished,  also  influences  the  extinguishing  time.  In  respect 
to  extinguishment  the  main  properties  of  fuels  seem  to  be  the  boiling  temperature  and  the 
viscosity  of  the  fuel.  The  lower  the  boiling  temperature  and  the  higher  the  viscosity  of 
the  fuel,  the  longer  is  the  extinguishing  time. 

The  time  which  is  needed  to  extinguish  the  unit  area  of  the  burning  fuel  surface  (the 

specific  extinguishing  time)  is  correlated  to  the  size  of  the  burning  fuel  surface,  at 

2  2  ” 

least  in  the  measured  range  of  burning  areas  rrem  0,1  m  to  500  m  .  Further  tests  on 
larger  burning  areas  are  necessary. 

The  extinguishing  technic  also  influences  the  time  for  extinguishment.  The  shortest  ex¬ 
tinguishment  times  are  achieved  with  a  tactic,  whereby  the  distance  the  foam  has  to  spread 
under  gravity  force  is  shortest.  That  requires  foam  monitors  which  have  an  adsguate  throw, 
range.  All  foam  monitors  produce  dispersed  foam  jets.  The  extend  of  dispersion  can  be  re¬ 
duced  by  the  geometry  of  the  foam  monitor. 

For  the  extinguishment  of  post  crash  fires,  a  combination  of  a  dry  powder  nr  halon  and  a 
foam  is  necessary.  Although  some  test  results  show,  that  the  extinguishing  efficiency  ob¬ 
tained  with  a  combined  use  of  dry  powders/halons  and  foams  depends  on  the  efflsiency  of 
the  used  agents,  no  concrete  recommandatlon  on  the  optimum  combination  of  agents  can  be 
given. 
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Compound  Efficacy  C 


1 

_ 

‘'2 

0.1 

KNO^ 

1.4 

(C2H5»3P04 

5.1 

SiOj 

0.2 

KJ 

1.6 

(CH3)3P04 

5.3 

CO2 

0.2 

CUCI2 

1.9 

K2C2O4 •H2O 

5.8 

SO2 

0.3 

CHjBr 

1.9 

PBr3 

6.0 

HCl 

0.4 

HBr 

1.9 

SbCl3 

6.3 

SiHClj 

0.5 

Na2SiFg 

2.1 

K2CrO^ 

6.3 

NaCl 

0.5 

KHCOj 

2.3 

NajAlFg 

6.6 

NH^Cl 

0.5 

Na2C204 

2.3 

PbO 

7.2 

CHCI3 

0.7 

K2SO, 

2.3 

POCI3 

7.3 

NaNOj 

0.7 

CH2BrCl 

2.4 

TiCl^ 

7.3 

SOCI2 

0.8 

SiCl. 

4 

2.5 

BBtj 

7.7 

0.8 

CFjBrCl 

2.7 

K2C2O4 

8.3 

KCl 

0.9 

AlClj 

2.8 

KaAlFg 

8.8 

Na2C03 

0.9 

GeCl. 

4 

2.8 

PCI  3 

9.2 

CCI4 

1.0  1 

1 

SnCl^ 

2.8 

PSBr3 

9.2 

SO2CI2 

1.0 

Ba(N02)2 

3.0 

PSCI3 

10.6 

(C2H5)2  SO4 

1.2 

CFjBr 

3.2 

NajtFeCCNIgNO] •2H2O 

15.5 

KBr 

1.2 

KjCOj 

3.2 

K^FelCNlgOHjO 

16.4 

NaHCOj 

1.2 

AsClj 

3.6 

K^Fe (CN) g 

46.3 

S2CI2 

1.3 

Na2S03 

3.9 

Cr02Cl2 

57.5 

SKCHj)^ 

1.3 

CF2Br2 

4.5 

Fe  (CO)  5 

81.2 

PbCCjHg)^ 

98.6 

Table  1  Extinguishing  efficiency  of  chemical  compounds 


Foam  forming 

agent 

area 

application  rate 

2 

1/m  •  min 

Light  Water 

250 

0,8 

Fluoroprotein 

150 

1,33 

Synthetic 

75 

2,66 

Prote in 

—  —  1 

50 

_ 

4,0 

Table  2  Maximum  sx<e  of  burning  fuel  area, 
which  could  be  extinguished  with  a 
200  1/mln  foam  nozzle 
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